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Recent studies have elucidated host health implications of the bumble bee and honey bee 
(Family: Apidae) microbiome. However, less is known wild bee microbiomes, or microbiomes of 
non-corbiculate apids. Lactobacillus micheneri and its close relatives, L. timberlakei and L. 
quenuiae consistently associate with wild bees. Through bacterial genome sequencing, population 
genomics, bacterial 16S rRNA gene sequencing, culturing, and quantitative PCR, I studied the 
genetic capabilities, transmission mechanisms, and ecological interactions of the three lactobacilli 
species I refer to as the L. micheneri clade. 
Bacterial genomes reveal potential functions while population and comparative genomics 
can identify important genes under selection to their hosts and environment. I sequenced 27 
genomes from the L. micheneri clade and compared them to closely related, free-living and 
insect-associated Lactobacillus. I found that the L. micheneri clade has traits that imply 
adaptation towards the bees and flowers. 
Transmission modes are important in maintaining microbial interactions between 
generations of hosts. To investigate transmission mechanisms of Lactobacillus micheneri to bees, 
I sequenced bacterial 16S rRNA gene to compare bacterial communities in overwintering leaf 
vii 
 
cutter bee nests and newly emerged bees. I found that L. micheneri survives over the winter but 
transmits to the next generation of bees rarely at best, and therefore appears to be preserved and 
transmitted elsewhere in the environment. 
Lactobacilli can inhibit microorganisms in many human foods. Pollen provisions 
collected by bees are nutrient dense yet are normally not colonized with saprophytic fungi. 
Instead, Lactobacillus micheneri are abundant inside pollen provisions. I tested L. micheneri 
fungal inhibitory activity on plates and in sterilized pollen provisions. I found that while most L. 
micheneri strains can inhibit fungi, L. timberlakei is a strong fungal inhibitor on plates and in 
pollen provisions. 
In this dissertation, I have contributed new knowledge and demonstrated that Lactobacillus 
micheneri is an interesting insect-associated symbiont. There are signatures of adaptation towards 
bees and flowers, and Lactobacillus are proven to inhibit microorganisms to the benefit of bees. 
However, while wild bee larvae benefit from L. micheneri’s ability to inhibit fungi, Lactobacillus 
micheneri does not readily vertically transmit and may be heavily reliant on horizontal 
transmission.
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Chapter 1: 
Introduction 
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Introduction: 
Beneficial microbial symbionts add functions to their animal hosts, thus 
increasing both host and symbiont fitness [1]. In insects, microbial symbionts can 
influence host reproduction [2], pathogen defense [3], and host nutrition acquisition [4]. 
Specifically, microbial symbionts such as Wolbachia can influence host reproduction by 
limiting reproduction from an uninfected host with infected hosts or alter host gender 
distribution in the offspring [2]. In addition, microbial symbionts inhabiting honey bees 
can increase the hosts’ ability to defend against pathogens or even directly inhibit 
competitors [5] [6]. Using their genomic repertoire, microbial symbionts capabilities 
include the production of enzymes such as pectate lyases to digest complex molecules 
into simpler molecules for metabolism by symbionts and hosts [7]. Finally, in addition to 
degrading complex molecules present in the host diet, some microbial symbionts can 
synthesize essential amino acids to complement the host diet [8]. 
Understanding how microbial symbionts influence the health of their hosts has 
motivated studies across many different host organisms [9], [10]. The assemblage of 
microbial symbionts of a host is referred to the microbiome [11]. The role of the 
microbiome in the fitness of managed social bees such as honey bees (Apis meliffera) and 
bumble bees (Bombus sp.) has piqued the interest of many researchers [12]. The two 
major motivations for studying these bees are 1) their importance in agriculture around 
the world and 2) their declining populations [13]–[15]. Despite declining populations of 
both managed and native bees, bees provide $235 to $577 bn worth of pollination 
services yearly in the United States [13], [15], [16]. Declining populations of bees 
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represent a threat to the agriculture that requires their services [13]–[15]. While honey 
bees represent the bulk of pollination in agriculture, specific bees are often utilized since 
they are  more efficient pollinators of certain crops [17]. For example, bumble bees are 
more efficient pollinating crops whose flowers have poricidal anthers, since they can 
buzz pollinate to access their pollen. Thus far, a core microbiome [18], or a microbiome 
that is consistently detected in at least 50% of the individuals of a species, has been 
characterized in honey bees and bumble bees [19]. Most notably, the social bee 
microbiome has co-diversified with their hosts [20], is responsible for degrading complex 
starches [21], improves host mortality when exposed to heavy metals [22], and improves 
host-pathogen defenses [5], [23]. In the last decade alone, scientists made progress to 
understand the social bee microbiome as part of a multifaceted approach to protect honey 
bees and bumble bees. 
However, progress in understanding bee-associated microbes is much-limited 
outside of social bees such as honey bees and bumble bees (family: Apidae). The vast 
majority of bees are not eusocial like honey bees and bumble bees [24]. Instead, other 
bees fall on a continuum from living solitary, where each female bee are responsible for 
constructing each of their nests, to cohabiting in small nests with a single reproductive 
female and several non-reproductive females [25], [26]. While most of these bees are in 
the other bee families (families: Andrenidae, Colletidae, Halictidae, Megachilidae, 
Melittidae, and Stenotritidae), there are some solitary apids (family: Apidae) that are not 
eusocial or have corbiculates [27]. These bees are largely wild due to their difficulty to 
manage for agriculture. I will hereafter refer to these bees as “wild bees” in the 
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introduction and conclusion. However, there are a few managed solitary bees, such as 
Megachile rotundata (family: Megachilidae) [28], Osmia lignaria (family: Megachilidae) 
[29], and Nomia melanderi (family: Halictidae) [30]. These bees are important for alfalfa 
seed production as well as fruit production from orchards and are more effective 
pollinators than honey bees in these applications [31]–[33]. However, like honey bees 
and bumble bees, these wild and solitary bees are all threatened as well, while facing 
their own suite of diseases and parasites [28]. Given these circumstances, scientists have 
begun investigating the wild bee microbiome as well [27]. 
Thus far, scientists observed that there is a different cohort of bacterial species 
that inhabit these wild bees [18], [27], [34]. Regardless of their social status, these wild 
bees have similar bacterial species [18], [27], [34]. One common species of bacteria 
found in these wild bees is Lactobacillus micheneri [27], [35], a taxa sister to L. kunkeei. 
Lactobacillus kunkeei is found in honey bee crops and honey bee hive materials [6], [36]. 
Unlike L. kunkeei, L. micheneri is more abundant in wild bee guts and pollen provisions 
than L. kunkeei is to in honey bees [27]. Lactobacillus micheneri is further more abundant 
in pollen provisions than they are in wild bee guts [27]. The presence of live L. micheneri 
on flowers suggests that the Lactobacillus is picked up from the flowers and transmitted 
to the bees, which then transmit the bacteria to other flowers as well as the bee’s pollen 
provisions and eventually larvae [27]. However, despite the possibility of floral 
transmission, L. micheneri maintains greater relative abundance in wild bee associated 
environments compared to other floral microbes, including related Lactobacillus species 
[27], [34]. During the characterization process, we found that Lactobacillus micheneri 
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encompassed three species, L. micheneri, L. timberlakei, and L. quenuiae, referred to 
collectively as the L. micheneri clade [35]. Due to the poor resolution of current 16S 
rRNA gene bacterial survey techniques, these species are difficult to distinguish between 
one in amplicon studies [27]. Given the available knowledge of wild bee microbiota, 
there is still much work to do to further understand the L. micheneri clade. With their 
high relative abundance in wild bee pollen provisions and adults, L. micheneri may play a 
role in wild bee health. As one of the many approaches to protect wild bees, we must also 
seek to understand the microbiomes via expanding the knowledge of their microbial 
symbionts, the L. micheneri clade.  
Microbial symbionts are known to have unique functions or adapted genes to their 
hosts. The closest relatives to L. micheneri and L. kunkeei are lactobacilli that were 
isolated from flowers [37], fermented vegetable drinks [38], and sourdough starter [39], 
but are suggested to be primarily associated with insects [40]. Since the L. micheneri 
clade inhabits a novel niche, it has likely evolved new functions that facilitate its 
association with flowers and wild bees. We may find this in new genes that are unique to 
the L. micheneri clade compared to closely related Lactobacillus as new functions may be 
required to inhabit wild bees. Another way we can find this is in the selective pressures 
on conserved genes, as positive selection on a conserved gene in L. micheneri may result 
from the association with wild bees. For us to detect putative unique functions and 
adapted genes, we need to sequence and analyze L. micheneri clade genomes. By 
detecting putative unique functions and adapted genes we can understand what functions 
are under selective pressures for the L. micheneri clade. 
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Transmission mechanisms change how microbial symbionts and hosts evolve 
[41]. Coevolution leads the bacteria or host to the point where they may not be viable 
without the other [42]. This is caused by one or both partners relying permanently on 
their partner for essential functions [42]. While exceptions exist [2], these interactions are 
typically found in symbioses where the bacterial symbionts are vertically transmitted or 
heritably transmitted by parents [41]. When bacterial symbionts are vertically 
transmitted, the successful reproduction of their animal host is directly correlated to their 
own fitness [41]. The other broad transmission mode is horizontal transmission, where 
bacterial symbionts are transmitted to the host from the environment or non-parental 
hosts [43]. While host fitness may still be correlated to symbiont fitness, horizontally 
transmitted symbionts are often adapted to survive in the environment and are often able 
to colonize many hosts [10]. For us to understand how L. micheneri evolve with their 
host, we need to understand possible L. micheneri transmission mechanisms. 
The primary metabolic pathway for Lactobacillus is lactic acid fermentation, 
which produces lactic acid. With the production of lactic acid and lactic acid-containing 
molecules, lactobacilli can inhibit competing microorganisms [44]. Inhibition of spoilage 
organisms by lactobacilli occurs in many human foods [6], [45], [46] and the L. 
micheneri clade is predicted to have such a beneficial function for their hosts 
(McFrederick et al. 2012). However, direct inhibition of microorganisms let alone the 
mechanism for inhibition has not been described for wild bee dwelling bacteria such as 
the L. micheneri clade [47]. In addition, interactions between microbes in the nutrient-
dense niches of wild bees such as their pollen and nectar-rich pollen provisions of solitary 
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and wild bees have not been explored. These nutrient-dense pollen provisions can support 
a high density of biomass of microorganisms, yet the L. micheneri clade is the most 
abundant bacteria and may inhibit the growth of spoilage fungi [27].  
In my dissertation, my major goal is to test three hypotheses regarding 
Lactobacillus micheneri and their symbiosis with wild bees. First, since L. micheneri is 
found in abundance in wild bees and flowers, there will be genomic signatures 
implicating L. micheneri adaptations for proliferating in wild bee adult and larvae guts. 
Second, in honey bees hive materials are an important substrate for symbiont 
transmission, for wild bees, L. micheneri is vertically transmitted via newly emerged wild 
bee adults passing nest substrate as similarly observed in honey bees. Finally, given the 
inhibitory capabilities of their close relatives in other hosts and high relative of L. 
micheneri in wild bees, L. micheneri has inhibitory capabilities to inhibit opportunistic 
and obligate pathogens. 
The three hypotheses are explored in the three subsequent chapters. In the first 
chapter, I sequenced the genomes of the three species of Lactobacillus. Then I analyzed 
the genomes for unique genes or genes that may be under selective pressure, which may 
be important for the ability for L. micheneri to successfully inhabit wild bees. In the 
second chapter, I investigated the larval fecal matter for transmission of microbes from 
the natal nest to newly emerged adults, which is an important mechanism for microbial 
transmission in honey bees and bumble bees. Here I characterized the bacterial 
community of the frass, as well as the bacterial communities of newly emerged adults 
that interact with the frass. In the third and final chapter, I investigated the inhibitory 
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capability of strains in the L. micheneri clade. In this chapter, I conducted fungal 
inhibition assays on plates, to test the ability of multiple strains and then used the most 
inhibitory L. micheneri strain in pollen provisions, where L. micheneri clade bacteria are 
most abundant. 
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Chapter 2: 
Comparative genomics of wild bee and flower isolated Lactobacillus reveals 
potential adaptation to the bee host 
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Abstract: 
Symbiosis with bacteria is common across insects, resulting in adaptive host phenotypes. 
The recently described bacterial symbionts Lactobacillus micheneri, L. timberlakei, and 
L. quenuiae are found in wild bee pollen provisions, bee guts, and flowers but have small 
genomes in comparison to other lactobacilli. We sequenced, assembled, and analyzed 27 
new L. micheneri clade genomes to identify their possible ecological functions in flower 
and bee hosts. We determined possible key functions for the L. micheneri clade by 
identifying genes under positive selection, balancing selection, genes gained or lost, and 
population structure. A host adherence factor shows signatures of positive selection while 
other orthologous copies are variable within the L. micheneri clade. The host adherence 
factors serve as strong evidence that these lactobacilli are adapted to animal hosts as their 
targets are found in the digestive tract of insects. Next, the L. micheneri clade is adapted 
towards a nutrient-rich environment, corroborating observations of where L. micheneri is 
most abundant. Additionally, genes involved in osmotolerance, pH tolerance, temperature 
resistance, detoxification, and oxidative stress response shows signatures of selection that 
allow these bacteria to thrive in pollen and nectar masses in bee nests and in the bee gut. 
Altogether, these findings suggest that the L. micheneri clade is primarily adapted to the 
wild bee gut, but also exhibit genomic features that would be beneficial to survival in 
flowers. 
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Introduction 
Bees are important for wild and agricultural ecosystems but are also in decline 
[1], [2]. Research on the bee microbiome has increased in the past decade, due to the new 
interest in bee health [3]. Eusocial corbiculate bees, a monophyletic clade of bees in 
family Apidae which notably includes bumble bees and honey bees, have a specific core 
microbiome that is important for bee health [4]–[6]. The core microbes confer pathogen 
defense by inducing host immune functions and directly antagonizing pathogenic 
microorganisms [3], [7]. Strains of Gilliamella apicola have the capability to metabolize 
carbohydrates toxic to the host [8]. Honey bee and bumble bee core gut lactobacilli 
ferment a wide-variety of simple carbohydrates in the gut, while Snodgrassella can 
convert fermented products to pyruvate for metabolism [9], [10].  
 Bumble bees and honey bees serve as powerful models for microbiome studies 
[6], but findings of bumble bees and honey bees do not apply to all species of bees. Non-
eusocial apids (family: Apidae) and non-corbiculate bees (families Andrenidae, , 
Colletidae, Halictidae, Megachilidae, Melittidae, and Stenotritidae) (all hereafter referred 
to as wild bees) harbor microbiomes with fewer taxa, are less dense with bacteria, and 
have less consistent communities compared to honey bees and bumble bees [4], [11]. For 
example, the dominant taxon that associates with megachilid bees (Megachilidae) and 
halictid bees (Halictidae) is the heterofermentative Lactobacillus micheneri [12]. Initially 
observed as a single species, L. micheneri has since been described as three distinct 
species: L. micheneri, L. quenuiae, and L. timberlakei that we refer to collectively as the 
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L. micheneri clade [13]. To avoid confusion, the L. micheneri species will be referred as 
“L. micheneri”. 
Despite having reduced genomes compared to other lactobacilli, L. micheneri 
clade bacteria associate with multiple flower and wild bee species [12], [13]. There is no 
pattern in host-specificity, as evidenced by the detection of L. micheneri and L. 
timberlakei in both megachilid and halictid bees, which is a likely result of horizontal 
transmission [12].The ecological function and genomic capabilities of the L. micheneri 
clade are, however, unknown. Lactobacillus kunkeei is sister to the L. micheneri clade, 
but L. kunkeei is absent or at most present in scarce densities in wild bees [12], [14]. 
Lactobacillus kunkeei is typically only detected from flowers and the crops and colony 
surfaces of honey bees and is not considered part of the honey bee core microbiome [6], 
[15]. The lactobacilli that are considered part of the core microbiome in honey bees 
consists of the homofermentative L. apis and L. mellis and their relatives, which are 
distantly related to L. micheneri and L. kunkeei (McFrederick et al., 2013). Wild bees are 
predominantly associated with heterofermentative lactobacilli, while honey bees are 
transiently colonized by heterofermentative lactobacilli but colonized at high density with 
homofermentative lactobacilli. The closest relatives to L. micheneri and L. kunkeei are 
lactobacilli that have been isolated from flowers [16], fermented vegetable drinks [17], 
and sourdough starter [18], but are suggested to be associated with insects [19]. Since L. 
micheneri inhabits a novel niche, it has likely evolved new functions that facilitate its 
association with flowers and wild bees.  We compared 27 new L. micheneri clade 
genomes with publicly available Lactobacillus genomes to detect signatures of adaption 
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which led to the association with wild bees. We identified genes under positive selection, 
balancing selection, genes gained or lost, and population structure. These genes are 
candidates of important functions involved in colonizing wild bees and surviving in 
flowers. 
Materials and Methods 
Sample Collection 
We used DNA from cultures originally isolated in McFrederick et al. (2017). We 
isolated 7 samples from Megachile rotundata pollen provisions collected in Wellsville, 
Utah by plating a phosphate buffered saline serial dilution of pollen provisions on de Man 
Rogosa Sharpe (MRS, De Man, Rogosa, and Sharpe 1960) plates fortified with 2% or 
20% fructose. After plating the pollen provisions, we purified single isolates by sub-
culturing individual colonies three successive times. We extracted DNA from the pure 
cultures using the Qiagen Blood and Tissue kit protocol with lysozyme.  
Genome Sequencing, Annotation, Assembly and Reference Genome Sequence 
Access 
To prepare sequencing libraries, we used the Illumina Tru-Seq DNA PCR-free 
kit, following the manufacturer's instructions. For libraries with low DNA concentrations, 
we used Illumina's universal primers to amplify libraries in a PCR programed for 98 oC 
for 3 minutes and 10 cycles of 98 oC for 10 seconds, 60 oC for 30 seconds, and 72 oC for 
30 seconds with a final extension at 72 oC for 5 minutes. Once normalized, we sequenced 
the genome libraries with the Illumina MiSeq with 2x300 V3 reagents. After sequencing, 
we used the A5 pipeline (ver: 05222015) to assemble reads into contigs and scaffolds 
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[21]. Once assembled, we annotated our genomes using RAST [22]. We used CheckM on 
the Kbase browser-based tool to assess the completeness and contamination of the draft 
genomes sequenced in this study and in McFrederick, Vuong, and Rothman (2018) [23], 
[24]. After annotation, we aligned all L. micheneri clade genomes from McFrederick, 
Vuong, and Rothman (2018) and this study using SPINE and ClustAGE to identify 
accessory and core genome elements of the clade and each species with multiple isolates 
sequenced (http://vfsmspineagent.fsm.northwestern.edu/cgi-bin/clustage_plot.cgi; Ozer, 
Allen, and Hauser 2014; Ozer 2018).  We uploaded our RAST annotations to the KEGG 
automatic annotation server [27]–[29]. We accessed relative Lactobacillus genomes 
(N=22) with the Pathosystems Resource Integration Center (PATRIC) database (Wattam 
et al. 2017).  We used the Shapiro-Wilks test and Mann-Whitney-Wilcoxon test for 
pairwise comparisons of non-normally distributed sample sets for GC, genome size and 
coding DNA sequence (CDS) in the R base software package (R Core Team 2018). 
Genomic feature graphs were created using the R package ggpubr [30].  
Ortholog Detection and Verification 
We used OrthoMCL to detect orthologs in the 52 genomes using a recommended 
inflation value of 1.5 [31]. We used our 30 Lactobacillus micheneri clade genomes along 
with 22 related lactobacilli. Using Lactobacillus plantarum as an outgroup, we 
reconstructed the phylogenetic history of the focal lactobacilli using the concatenated 
super-matrix of single copy orthologs (N = 583 orthologs) with RAxML [32] and the 
GTRGAMMA model for the entire super-matrix. We verified all genes by modeling 
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protein structure with SWISS-model [33] and BLASTp searches against the UniProt 
database [34]. 
Ancestral Genome State Reconstruction 
We analyzed the ortholog and singleton gene frequency table of the 52 genomes 
to reconstruct the ancestral genome state using the program Count with the Wagner 
Parsimony assumption (Gene Gain Penalty = 2) [35]. In addition to reconstructing the 
ancestral genome state of each clade of the core genome phylogeny (Supplemental Figure 
1A/B), Count determined the genes that were gained or lost between each clade and 
branch tip. Using a custom Bash parser, we crossed-referenced genes gained or lost 
between each clade and branch tip with the annotation. 
Detecting Positive Selection in the Lactobacillus micheneri clade Using the Branch 
Site Model 
We searched ortholog sequences for non-synonymous mutations which serve as 
signatures of positive selection using the PAML package codeML [36]. We searched for 
orthologs with a significantly better fit to models that include positive selection compared 
to the null, neutral selection. For each ortholog, we compared the likelihood ratio values 
of the two models to determine whether the resulting comparison yielded a significant p-
value. If the selection model significantly fit positive selection for the ortholog of 
interest, we identified amino acid sites under positive selection using the Bayesian 
empirical Bayes inference (Zhang, Nielsen, and Yang 2005). We used a phylogeny 
containing all Lactobacillus genomes in this study to search the ortholog sequences for 
sites under positive selection in the L. micheneri clade (Supplemental Figure 1A/B). 
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Next, we searched for ortholog sequences with sites under positive selection between L. 
micheneri and L. timberlakei and the rest of the L. micheneri clade with L. quenuiae as 
the outgroup. 
Allele Frequency and Population Structure Analyses 
We retrieved all orthologs from L. micheneri and L. timberlakei, for which we 
have multiple isolates. We analyzed the allele frequency of orthologs of the L. micheneri 
clade species with DNAsp [38]. We created a SNP map in the VCF format using 
Bowtie2, Samtools, Bcftools, and Vcftools to analyze the population structure across the 
L. micheneri Hlig3 genome as a reference [39]–[41]. Next, we inputted the SNP map into 
the R package ‘PopGenome’ and used the sliding window method (1 kb windows and 
steps) to calculate Fst [42]. We excluded the genome of the type strain of L. quenuiae as 
we have isolated only one strain of L. quenuiae so far, which would not allow us to make 
accurate inferences in population structure. We calculated Fst for each contig containing 
variant calls between L. micheneri and L. timberlakei genomes. Based on prior usage and 
empirical determination [43], [44], we selected windows that have an Fst above the 95th 
percentile or 1000 bp windows and steps with an Fst of at least 0.932 between L. 
micheneri and L. timberlakei.  
Data Deposition 
Assembled genomes are available on NCBI GenBank under accession numbers 
QUBO00000000- QUAM00000000. Raw paired read sequencing data are available on 
the NCBI Sequence Read Archive (SRA) under accession numbers SRR7665514-
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SRR7665542. Corresponding genomes to GenBank and SRA accession numbers are 
listed in supplementary table 1. 
Results 
Draft Genome Quality and Genome featuresof L. micheneri clade bacteria  
Based on the CheckM results, we find that all the draft genomes have a 
completeness of 95% or larger. All but three genomes had no reported contamination, 
only HV_6, HV_10, and HV_23 had low contamination of 0.062%, 0.053%, and 1.5%, 
respectively. We tested all genomic feature data for normality using the Shapiro-Wilkes 
test. The Shapiro-Wilkes test indicated that all but 2 data-sets were non-normal 
distributions (Table 1). Lactobacillus micheneri clade genomes (N = 30) were 
significantly more AT-biased (p < 0.001, Mann-Whitney-Wilcoxon test, Fig. 1A; Table 
1) than the genomes of sister taxa L. kunkeei. Lactobacillus micheneri had a significantly 
larger number of coding sequences (CDS) per Mbp than L. kunkeei genomes, since there 
was significant difference in the number of CDS (p < 0.001, Mann-Whitney-Wilcoxon 
test; Fig. 1B; Table 1A) and genome size (p < 0.05, Mann-Whitney-Wilcoxon test; Fig. 
1B; Table 1A) between the L. micheneri clade and L. kunkeei. Lactobacillus timberlakei 
(N = 9) had significantly larger genomes and significantly higher counts of CDS than L. 
micheneri (Genomes: p < 0.001; CDS: p < 0.001, Mann-Whitney-Wilcoxon test; Fig. 
1C/D; Table 1). Notable accessory genome features from the CLUSTAGE analysis in the 
L. micheneri clade include a polysaccharide biosynthesis gene cluster only in L. 
timberlakei (Supplementary Table 2; Accessory genome element 15 and 51). Other 
features include one chitinase that is annotated as a fibronectin/fibrinogen-binding protein 
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in only L. micheneri HV_63, HV_64, HV_67, and L. quenuiae type HV_6 
(Supplementary Table 2; accessory genome element 99.1, 25.10), and a pectate lyase 
copy present only in L. micheneri and L. quenuiae (Supplementary Table 2; accessory 
genome element 97.7). 
Ortholog Detection and Core Ortholog Phylogeny of Distant and Close relatives of 
L. micheneri 
OrthoMCL detected 969 single copy orthologs shared across the 30 genomes 
from the L. micheneri clade. In addition, 1118 and 1092 orthologs were shared within the 
L. micheneri and L. timberlakei species, respectively. When comparing the L. micheneri 
clade with close relatives such as L. kunkeei and distant relatives such as the L. plantarum 
clade we detected 583 orthologs. We aligned and concatenated the amino acid sequence 
of these 583 orthologs to create a super-matrix for input to RAxML to construct an 
ortholog phylogeny of 11 Lactobacillus species (Supplemental Figure 1A/B). Of the 583 
orthologs, 32 orthologs did not pass alignment for the branch-site analysis, leading to 
only 551 orthologs analyzed. The resulting phylogeny showed 100% bootstrap support of 
the three species as monophyletic groups (Supplemental Figure 1A/B).  
Gene Gain and Loss Reconstruction 
We used the phylogeny created from the ortholog analyses as input to reconstruct 
gene gain and loss (Supplemental Figure 1A/B). The gain or loss of genes may represent 
an important adaptation to the bee or flower host environments for L. micheneri via a loss 
or gain of possible function. The common ancestor of the L. micheneri clade gained 115 
genes and lost 50 genes. The 115 genes gained included pectate lyase, which has been 
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biochemically characterized as an bioactive extracellular enzyme in Lactobacillus [45]. 
Other examples include 2 copies of beta-hexosaminidase identified as a dispersin B 
(dspB) [46], a biphenyl degradation gene [47], and a cobalt-zinc-cadmium resistance 
gene involved in heavy metal transport [48](Fig. 2; Supplementary Table 3). Compared 
to the common ancestor to the L. micheneri clade, Lactobacillus quenuiae gained 158 
genes, including a gene annotated by UniProt and SWISS-model as a 
fibronectin/fibrinogen binding protein, and lost 31 genes (Fig. 2; Supplementary Table 3). 
The common ancestor of L. timberlakei gained 31 genes, including the YoeB/YefM toxin 
anti-toxin system, genes involved in the persistence of cells in the presence of antibiotics 
and the absence of nutrients [49] (Fig. 2; Supplementary Table 3).   
Metabolism and Biosynthetic Pathway Reconstruction of the L. micheneri Clade 
 Using the KEGG annotations, we analyzed the biosynthetic and metabolic 
pathways of the type strains of L. micheneri, L. timberlakei, and L. quenuiae described in 
McFrederick, Vuong, and Rothman (2018) and outgroups.  We found several consistent 
patterns across the L. micheneri clade. (1) There was little to no hexose metabolism 
outside of glucose, sucrose, and fructose as maltose and sucrose phosphorylases are 
absent (Table 2; Supplementary Figure 2A).  (2) Although the pathway to produce 
tyrosine or phenylalanine is incomplete, the L. timberlakei type strain can convert 3-
dehydroquinate to 4-hydroxyphenyl pyruvate, an intermediate that is a a potential lactic 
acid fermentation substrate (Supplementary Figure 2B). However, the other two L. 
micheneri clade type strains can only convert chorismate to prephenate (Supplementary 
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Figure 2B). (3) None of the type strains has the full pathway to synthesize thiamine from 
purine or biosynthesize biotin (Supplementary Figure 2C, D). 
Population Structure Analyses of L. micheneri and L. timberlakei 
During our population structure analysis, we removed 4 L. timberlakei genomes 
(HV_04, HV_09, HV_12, HV_27) from the overall data set. While these genomes were 
assembled with a small number of contigs (15-29) and acceptable coverage (15.31-
31.36), they had the fewest number of error-corrected reads (112820-272407) and 
percentage of nucleotides (44.29%-63.82%) passing quality filtering via the A5 pipeline. 
Since our population structure analyses use raw reads instead of assemblies from error 
corrected reads, the uncorrected raw reads could lead to a missing variant call at a variant 
site. Including these genomes could, therefore, lead to inaccurate Fst readings. With the 
remaining genomes, we calculated Fst of L. timberlakei and L. micheneri to detect 
diverging genes between two species. Fst is the fixation index between a sub-population 
and the total population or two populations, at a single SNP or a nucleotide range or 
window. An Fst value of 1 means that the SNP is fixed in one population and not in 
another. An Fst value of 0 indicates no differentiation between the two populations. Genes 
with Fst values above the 95th percentile are of interest as their respective function may be 
under selective pressure resulting in divergence between L. micheneri and L. timberlakei. 
We detected 11 1 kbp windows where Fst =1, which include the coding sequence of 7 
protein-coding genes and 1 promoter site (Fig. 3; Supplementary Table 4). The protein-
coding genes where Fst =1 include a kup K+ uptake system, a gene involved in 
osmoregulation, and pH tolerance [50]. We retrieved 86 genes from the 70 windows that 
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were in the 95th percentile of Fst values. These genes include a cold-shock DEAD-box 
protein A (cshA) a temperature sensitive regulator [51], lipoteichoic acid synthase type 
IIb (ltaS), and UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6-diaminopimelate--D-
alanyl-D-alanine ligase (murF) (Supplementary Table 4). 
Lactobacillus micheneri Clade Species Ortholog Allele Frequency Analyses 
We calculated Tajima’s D for each ortholog within L. micheneri and L. 
timberlakei (Librado and Rozas 2009). A significant positive Tajima’s D score suggests 
that the respective ortholog is undergoing balancing selection, where more than expected 
alleles are maintained in the population. Alternatively, genome-wide significant positive 
Tajima’s D scores suggest that the population has suddenly contracted or is splitting. A 
negative Tajima’s D score suggests that the population is either recovering from a 
bottleneck (genome-wide) or that the respective gene has recently undergone a selective 
sweep, where fewer than expected alleles are maintained. The 30 L. timberlakei orthologs 
with a significantly negative Tajima’s D score include glutamine transport ATP-binding 
protein (glnQ), a transporter involved in osmotolerance and pH resistance [52] and 
DEAD-box ATP-dependent RNA helicase (cshB), a temperature sensitive regulator [51] 
(Supplementary Table 5). The 125 orthologs with a significant positive Tajima’s D score 
in L. timberlakei include the glycine betaine ABC transport system (opuAC) involved in 
osmotolerance and pH resistance [53] (Supplementary Table 5). The 473 orthologs of L. 
micheneri with a significant negative Tajima’s D score includes betaine transport protein 
(betT) involved in glycine transport for osmotolerance and pH resistance. There were 
orthologs with significant positive Tajima’s D scores in both L. timberlakei and L. 
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micheneri (Supplementary Table 5). These genes include the glycine betaine ABC 
transport system genes (opuAA\AB) involved in osmotolerance and pH resistance 
(Papadimitriou et al. 2016) (Supplementary Table 5). 
Positive Selection Detection Using the Branch-Site Model 
Across the L. micheneri clade, 108 genes out of 551 tested orthologs showed 
signatures of positive selection (Supplementary Table 6). Fixation of nonsynonymous 
mutations is rare as amino acid sequences are conserved under purifying selection. 
However, amino acid sequence changes can result from selection pressure arising from 
adapting to novel or changing environments. Genes in the L. micheneri clade exhibiting 
signatures of positive selection may, therefore, be important in adaptation to the wild bee 
and/or flower niche. Genes undergoing positive selection in only L. micheneri or L. 
timberlakei may also be important for niche differentiation between these two species. 
The DEAD-box ATP-dependent RNA helicase (cshA), a gene involved in temperature 
sensitive gene regulation [51], had the lowest p-value from the positive selection analysis 
(Supplementary Table 6). The other 107 genes included 2,3-butanediol dehydrogenase, a 
protein involved in producing a volatile important for resisting gut acidification in honey 
bee core lactobacilli [54] and fibronectin/fibrinogen-binding protein (Supplementary 
Table 6). When searching for orthologs containing sites under positive selection in the 
genomes of L. micheneri and L. timberlakei we found 8 and 12 orthologs, respectively 
(Supplementary Table 6). In L. micheneri, the 8 genes include the cadmium, zinc, and 
mercury transporting ATPase (copB) [55] (Supplementary Table 6). In L. timberlakei, the 
genes included heavy metal transporter manganese transport protein mntH [56] and a 
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heme-dependent catalase that is orthologous to a heme-dependent catalase involved in 
reactive oxidative stress in L. plantarum [57] (Supplementary Table 6).  
Discussion 
 The genomes of the L. micheneri clade show signatures of selection and novel 
functions that underlie the ability of these bacteria to thrive in nutrient-rich environments. 
Given the small size of their genomes, the ability of these bacteria to persist on flowers 
and proliferate in pollen and nectar masses inside bee nests and inside the bee gut is 
remarkable. While all these environments are rich in plant metabolites, the bee gut 
immune system exerts further pressure. It is therefore perhaps not surprising that their 
genomes reveal adaptations to harsh, nutrient-rich environments as well as animal host-
specific adaptations (Supplementary Table 7). Compared to the honey bee-associated 
lactobacilli, the L. micheneri genomes are more reminiscent of pathogens or 
endosymbionts with more compact and more AT-biased genomes with less carbohydrate 
metabolism capabilities (Fig. 1, Table 1) [8], [58].  
While ours is the first comparative genomics study of wild bee-associated 
lactobacilli, previous work on honey bee core microbes and L. kunkeei allows interesting 
contrasts to our results. For example, Tamarit et al. (2015) found that L. kunkeei has short 
generation times. Ellegard et al. (2015) found that the honey bee gut lactobacilli genomes 
are rich in carbohydrate metabolism and transport genes. Gilliamella can utilize a variety 
of monosaccharides that are toxic to honey bees (Zheng et al. 2016) and Gilliamella and 
Snodgrasella may work together to provide nutrients to their host (Kwong 2014). 
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Honey bees and wild bees share common ancestry but differ in their life histories. 
While honey bees are active year-round, wild bees often have short periods of adult 
activity and spend unsuitable seasons in a quiescent state [59]. The phenology of wild 
bees and flowers may therefore cause a bottleneck which reduces gene flow occurring in 
the L. micheneri clade. While not an adaptation, this may be why the L. micheneri clade 
genomes are more AT-rich than L. kunkeei and core honey bee gut lactobacilli [58]. In 
addition to AT-biases, the L. micheneri clade have more compact genomes than core 
honey bee gut lactobacilli [58].Additionally, compared to within-colony, social 
transmission in honey bees [60] horizontal transmission occurring at flowers may be 
more important for maintenance of L. micheneri in wild bee communities which include 
both solitary and primitively eusocial host taxa [12]. 
 These similarities and differences in host biology may explain why we find both 
convergence and novelty in symbiont functions by honey bee microbes and the L. 
micheneri clade. Gilliamella sp. has pectate lyase genes which allow them to digest 
pollen intines and increase honey bee worker weight (Zheng 2017). The presence of 
pectate lyase in the L. micheneri clade may mean that these bacteria are important for 
wild bee nutrition, as nearly all female bees digest pollen to build protein reserves 
necessary for egg production [61], [62]. Gilliamella sp., however, has more enzymes for 
digesting nectar and pollen saccharides compared to the L. micheneri clade [8], [63] and 
the L. micheneri clade is depauperate in regards to carbohydrate metabolism genes.   
Inhibition of pathogenic organisms observed in L. kunkeei [64], [65] may be 
possible in the L. micheneri clade. Dispersin Bs (dspB) may be used to inhibit unwanted 
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biofilm-forming bacteria or pathogens in synthetic environments [46] and L. micheneri 
clade bacteria may use dspB to regulate the dispersal of their biofilms in response to 
environmental stressors such as ROS produced by competitors or hosts [66]. Fungi may 
be inhibited by the L. micheneri clade by D- and L- lactic acid production and can be 
enhanced by hydroxyphenyllactate and phenyllactate in L. timberlakei. These compounds 
are all inhibitory to fungi and inhibition has been documented in L. sanfranciscensis [67] 
and L. kunkeei [68]. The L. micheneri clade has gained, lost, and refined functions that 
are likely behind its ability to thrive in the new wild bee guts and pollen provisions.  
Host binding and adherence factors  
In-silico prediction and annotation of the genes involved in host binding and 
adherence factors provides evidence supporting the hypothesis that the L. micheneri clade 
is adapted to the bee gut. The L. micheneri clade and their outgroups have genes 
predicted to be fibronectin/fibrinogen-binding proteins that target animal specific 
proteins, suggesting that they are more likely to have a role in animal association [69]. 
Specifically, in insects, fibrinogen is known to be present in the peritrophic matrix of the 
midgut [70] while both fibrinogen and fibronectin transcripts are expressed in the hind 
gut [71]. The fibronectin binding gene of the L. micheneri clade is under positive 
selection, potentially improving L. micheneri clade interaction with bees compared to the 
outgroups. Copies of fibronectin/fibrinogen-binding protein are also variable in the L. 
micheneri clade, which may improve their ability to establish in certain strains of animal 
hosts (Buck et al. 2005). The production of polysaccharides or exopolysaccharides in L. 
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timberlakei may allow more efficient host immune evasion and adhesion in bees guts 
compared to L. quenuiae or L. micheneri [73]–[75].  
Metabolic Capabilities Correlate to Nectar and Pollen Rich Niches 
Our data suggest that the L. micheneri clade thrive best in pollen and nectar-rich 
environments such as wild bee pollen provisions or wild bee guts. We previously found 
L. micheneri to be abundant in these environments [12]. However, our findings do not 
exclude the possibility that these adaptations are important to their survival in flowers, 
where these lactobacilli are also found [12]. The L. micheneri clade appears to be 
streamlined to utilize nectar carbohydrates, as they can only digest sucrose, glucose, and 
fructose, the three most predominant sugars of nectar [76]. The presence of pectate lyase 
genes is also remarkable, as the closest related lactobacilli to contain these genes is L. 
plantarum [45].   
Adaptation to pH, Osmotolerance, and temperature in bee guts and flowers 
While L. micheneri and L. timberlakei are very closely related (McFrederick et al, 
2018), we find divergence in genes involved in osmotolerance, pH, and temperature 
tolerance. Such genes are also involved in response to rapid osmolarity or pH changes. 
Divergence in these functions suggests that these bacteria have adapted to wild bee guts 
and pollen provisions. These adaptations can be especially important as different sections 
of the bee gut have different osmotic potentials and pH [77]. In addition to different 
osmotic potentials or pHs in bee guts, there are variable osmolarities in different flower 
nectars [76]. These genes may, therefore, underlie the divergence between L. micheneri 
and L. timberlakei. 
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Temperature-sensitive transcriptional regulators under positive selection may be 
important as wild bees and flowers do not thermoregulate their nests as honey bees and 
bumble bees can, leading to temperatures dropping during nights or cold days (Liu et al. 
2005, Graham and Patterson 1982). Differences in host biology also correlate with the 
optimum growth temperature of core honey bee lactobacilli, which is the optimum 
maintained temperature in honey bee hives (35o C, Olofsson et al. 2014; Jones et al. 
2004), as opposed to 32 o C for the L. micheneri clade [13]. Further studies on these genes 
and their roles in niche differentiation in the L. micheneri clade are needed to test these 
hypotheses. 
Detoxification and Oxidative Stress response 
The L. micheneri clade appears to be adept at detoxification, as we found signatures of 
toxin tolerance or mitigation in their genomes. Toxins such as heavy metals and biphenyl 
can bioaccumulate in flowers and are therefore likely to occur in pollen provisions and 
bee guts in areas with contaminated soils [12], [82]. Although catalase genes are 
extremely uncommon in lactobacilli, they may be important for the L. micheneri clade 
since both flowers and bees produce reactive oxygen species (ROS) that repel microbes 
[83], [84]. Additionally, the signatures of positive selection in L. timberlakei in catalase 
suggest an competitive advantage when exposed to ROS compared to L. micheneri or L. 
quenuiae. Finally, L. timberlakei may be more competitive than L. micheneri or L. 
quenuiae under antibiotic or nutrient-limiting stress due to the additional toxin anti-toxin 
genes in L. timberlakei [49].  
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Conclusion 
While experimental verification is needed, the genomic data presented here 
suggest several possible mechanisms by which L. micheneri clade bacteria may benefit 
their bee hosts. Given the largely absent metabolic and biosynthetic capability of the L. 
micheneri clade, it is unlikely that L. micheneri clade wild bee associates are biosynthetic 
mutualists. This is not surprising as all the necessary nutrients are largely present in 
pollen and nectar (Nicolson 1998; Roulston and Cane 2000). None the less, based on 
genomic in-silico predictions, the L. micheneri clade bacteria have the potential to aid 
pollen digestion, detoxification, thrive in acidic environments, inhibit potential 
pathogens, and establish in wild bees. However, as our findings are limited to only 
genomic data it is possible that L. micheneri clade bacteria are either commensal or 
detrimental to their hosts. If commensal, L. micheneri may exploit the nutrient-rich bee 
host environment, and bees may act as vectors for L. micheneri to spread to more flowers 
and bees. Finally, if parasitic, L. micheneri may exploit the nutrients in nectar and pollen 
at the expense of the bee hosts. Regardless, these reduced genomes offer strong clues as 
to how these bacteria persist and thrive in harsh but nutrient-rich niches.  
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Fig. 2.1: Lactobacillus micheneri clade bacteria significantly differ from L. kunkeei in 
genomic GC% (A) and CDS (B). Means and p-values are in Table 1. 
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Fig. 2.2: Genome Reduction from the common ancestor of L. sanfranciscensis and L. 
micheneri is conserved in the present-day species. Gene gain and loss were calculated 
with the Wagner Parsimony assumption in the Count Program (Gene Gain Penalty = 2). 
Numbers that are labeled GF (blue) are the total counts of gene families present in the 
genome or ancestral state. Numbers labeled G (green) and L (red) are the counts of gene 
families gained and lost in the genome or ancestral state, respectively. 
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Fig. 2.3: Population structure analyses in 1kb windows and 1kb steps between L. 
micheneri and L. timberlakei mapped to four L. micheneri Hlig3 contigs reveal strong 
population structure. The orange dashed line represents the threshold for the 1kb 
windows with the 95th percentile Fst (0.932). Red dots represent gene regions discussed 
in text, listed from left to right as: LtaS, cshA, MurR, kup. Regions where Fst above the 
95th percentile are listed in Supplementary Table 4. 
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Table 2.1: Statistical analyses of genomic features: GC% (A), CDS (B), and Genome Size (C) between L. kunkeei and the L. 
micheneri clade; L. micheneri and L. timberlakei. 
 
 
 
 
 
 
 
Compared Species/Groups Comparison Mean Shapiro-Wilk p-value Mann-
Whitney W 
p-value 
A. GC% 
L. kunkeei (N = 15) and L. micheneri 
clade (N = 30) 
36.8%, 30.5% 0.0002771, 0.0004398 480 2.238e-08 
L. micheneri species (N = 20) and L. 
timberlakei (N = 9) 
30.5%, 30.4% 0.0001767, 0.008338 135 0.02629 
B. CDS 
L. kunkeei and L. micheneri clade 1407, 1540 0.4868, 0.0007096 29.5 1.276e-06 
L. micheneri species and L. timberlakei 1502, 1619 0.04671, 0.006994 11 3.834e-05 
C. Genome Size 
L. kunkeei and L. micheneri clade 1,536,381, 1,500,683 0.1275, 7.966e-05 341 0.02045 
L. micheneri species and L. timberlakei 1,468,371; 1,567,777 0.0005775, 0.02314 18.5 8.158e-04 
  
 
4
8
 
 
Table 2.2: Carbohydrate metabolism absent (white) or present (blue) summary based on KEGG and RAST annotations of 
Lactobacillus type strains in the study. 
* Not by kegg but by rast annotation **Found in other genomes of species in the study 
 Amylose, 
and 
Mannitol 
Xylose Arabinose, 
Lactose, 
Cellobiose, and 
Galactose 
Mannose  Trehalose Dextrin Maltose Sucrose, 
Glucose, 
and 
Fructose 
Sorbitol Beta-
hexosani
midase 
Pectate 
Lyase 
L. plantarum           ** 
L. buchneri     * *   *   
L. brevis     * *   *   
L. 
sanfranciscen
sis 
     *   *   
L. florum         *   
L. ozensis         *   
L. apinorum         *   
L. kunkeei       **  *   
L. quenuiae         *   
L. timberlakei         *   
L. micheneri         *   
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Chapter 3: 
Natal Nest Substrates do not Contribute to Bacterial Transmission to Newly 
Emerged Solitary Bees 
  
 50 
 
Abstract: 
Bacterial symbionts associated with bees have garnered interest in the race to understand 
the symbionts and how they evolve. Honey bees and bumble bees obtain their bacterial 
symbionts from hive materials and nestmates. However, the vast majority of bees are 
either solitary or live in small societies where opportunities for social transmission are 
not as likely. These solitary and wild bees appear to be consistently colonized by the 
bacterium Lactobacillus micheneri. Opportunities for transmission from the nest to a 
newly emerged adult exist for these solitary bees, as developing larvae typically encase 
their pupal cocoon with their own frass. In our study, we used qPCR, molecular bacteria 
viability assays (using propidium monoazide), and 16S rRNA gene Illumina sequencing 
to characterize the bacterial community of bee frass and newly emerged alfalfa 
leafcutting bees (Megachile rotundata). While there were recurring ESVs in both frass 
caps and bees, we found low absolute abundances in the bee samples. Lactobacillus and 
other viable bacterial symbionts found in frass caps were transmitted in detectable 
quantities to the newly emerged bees at best rarely, even after the bees were fed and kept 
for 7 days. These findings suggest that horizontal transmission may play a larger role in 
symbiont maintenance between generations of wild bees. However, there are limitations 
due to management practices in M. rotundata that may bias taxa in the M. rotundata frass 
and not in wild bee frass. Finally, variations in overwintering biology and sociality 
suggest other bees may have different mechanisms for symbiont transmission. 
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Introduction 
The bacterial symbionts living inside animal hosts have drawn interest in the past 
decade and a half [1]. Bacterial symbionts are known to provide additional function to 
their hosts [2]. Without their bacterial symbionts, many insects may be less fit or not 
viable at all [2]. These functions range from pathogen inhibition, nutrient processing and 
even modulation of host development [3]–[6]. In exchange for additional functions to the 
host, host association may increase bacterial symbiont fitness as the host may provide a 
habitat with suitable nutrients not readily or abundantly available elsewhere for the 
bacteria [7]. In many cases, bacteria and hosts have evolved transmission mechanisms to 
maintain the symbiosis [8], [9].  
Transmission mechanisms also change how the bacteria and host evolve. 
Coevolution leads the bacteria or host to the point where they may not be viable without 
the other. This is caused by one or both partners relying permanently on their partner for 
essential functions such as nutrient acquisition, essential nutrient biosynthesis, or even 
reproduction [10]. While exceptions exist, these interactions are typically found in 
symbioses where the bacterial symbionts are vertically transmitted or heritably 
transmitted by parents. When bacterial symbionts are vertically transmitted, the 
successful reproduction of their animal host is directly tied to their own fitness [11]. The 
other transmission mode is horizontal transmission where bacterial symbionts are 
transmitted to the host from the environment or non-parental hosts [9]. While host fitness 
may still be correlated to symbiont fitness, horizontally transmitted symbionts are often 
adapted to survive in the environment and by their ability to colonize many hosts [12]. 
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In recent years, insects have experienced unprecedented declines, including those key to 
our society such as bees [13], [14]. In response, the scientific community has looked 
towards their microbial symbionts for solutions to improve bee health [15]. One area of 
study for bees and their microbial symbionts is transmission modes [16]. Honey bees, 
bumble bees, and their relatives – collectively referred to as the corbiculate apids - have a 
described core microbiome, or a complement of bacteria that are consistently occurring in 
the population of hosts. The corbiculate bee core microbiome is known to be largely 
transmitted within corbiculate bee hives, from greatest to least importance, via bee frass, 
hive sisters, or hive materials [16]. However, due to different nesting strategies and 
varying levels of sociality, these mechanisms are not fully known in non-corbiculate bees 
(families Andrenidae, Colletidae, Halictidae, Megachilidae, Melittidae, and 
Stenotritidae), hereafter referred to as wild bees [17]. The bacterial communities in wild 
bees have only recently been characterized, and they have a less dense and more plastic 
microbiome compared to corbiculate apids [17]–[19]. These microbes can be transmitted 
horizontally between wild bees and flowers [18].  
Flowers are absent and most wild bees are not active during the winter months. Wild bees 
are instead dormant as pupae, prepupae or un-emerged adults. Regardless of their stage, 
their guts have been suggested to be sterile as callow (un-emerged) adults [20]. However, 
across many studies, the wild bees have been consistently colonized by several bacterial 
taxa, albeit at lower densities than the bacteria inhabiting corbiculate bees. For example, 
Lactobacillus micheneri and closely related taxa have been reported in adult wild bees, 
their pollen provisions, and larvae [18]. Wild bee symbionts such as L. micheneri are 
 53 
 
horizontally transmitted at flowers, but it is not known how wild bee symbionts re-
colonize their host at the start of a new generation nor where the bacteria overwinter. 
While relatives of L. micheneri are present in flowers [21], L. micheneri is most 
frequently reported in flowers when wild bees are actively pollinating [18]. Akin to frass 
of hive mates in corbiculate bees [16] one potential mechanism for transmission may be 
the frass of wild bee larva deposited in the brood cell where the larva feeds and develops. 
In our study, we investigate possible frass-based bacterial transmission to new 
generations of adult alfalfa leafcutting bees (Megachile rotundata). Bacterial 
transmission via frass caps may be a mechanism for vertical transmission as frass is a 
transmission mechanism in honey bees and other systems [16], [22].  Upon emerging, 
each fully developed M. rotundata adult must pass through the frass cap, leaving an 
opportunity for bacteria to transmit to the bee from the frass. This is similar to when 
newborn human babies pass through the birth canal during natural birth, exposing the 
baby to vaginal bacteria [23]. To investigate transmission, we aim to describe and 
quantify the bacterial community of the newly emerged Megachile rotundata and the 
frass masses we refer to as frass caps. If we find the same bacteria in frass and in adults 
that have passed through frass, then these bacteria have been transmitted from pollen 
provision through the larvae to its own frass and eventually to the newly emerged adult. 
This would be an example of vertical transmission since the female bee creating the 
pollen provision is also the source of the microbes in the pollen provision [18]. 
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Materials and Methods 
Bee Management and Experimental design 
Megachile rotundata forage on alfalfa and other plants during the spring and summer 
months and are cavity nesters that construct their leaf nests and pollen provisions, and lay 
their eggs inside [24]. The larvae will feed on the pollen provisions and will mature to a 
pre-pupal phase as winter approaches [24]. In commercially managed populations, these 
pre-pupae are stored at 4 C in blocks or in loose brood cells over the winter. Each brood 
cell contains a single pollen provision and a developing bee. We acquired M. rotundata 
brood cells from Watts Solitary Bees (Bothell, WA) during Spring 2018. Before 
incubation, we placed all brood cells in wells of a 96-well tissue-culture plate (Falcon, 
Corning, NY). We incubated the brood cells at 28.5 C at 50% humidity for 24 days or 
until emergence. To remove the possibility of microbe exposure via frass, we excised the 
frass caps (N= 63, PMA treated N = 10) on top of the pupal cocoons after 14 days of 
incubation before returning the brood cells back to the incubator. We immediately 
dissected a portion of newly emerged bees that passed through a frass cap (N= 24) or did 
not pass through a frass cap (N= 21). We moved the remaining newly emerged bees to a 
UV-sterilized 84.82 cm3plastic cup (Choice, Lititz, PA) lined with a UV-sterilized paper 
towel for seven days. We fed the bees [with frass caps (N= 25), without frass caps (N= 
16)] with a 50% sucrose and 0.85% pollen solution that was boiled, double filtered, and 
then autoclaved. We fed the bees via a 1.5 mL centrifuge tube with a hole made from a 
soldering iron. Initially, we filled the feeders with 100μL of the sucrose and pollen 
solution and then refilled the tubes each day, replacing the tubes completely if needed. 
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We dissected the emerged bees after seven days and extracted DNA from dissected bees 
only if the crop was filled with the sucrose and pollen solution. All frass caps and bee 
guts were stored in a -20 C freezer for less than a month before DNA extraction for 
downstream analyses. 
DNA extraction and Propidium Monoazide Treatment 
We extracted all frass and bee guts using sterile technique and a modified 
extraction protocol based on Engel et al. (2013) and Rothman et al. (2018). Before spin 
column DNA extraction, we homogenized the frass and bee guts using 50–100 μL of 0.1 
mm glass beads, one 3.4 mm steel-chrome bead (Biospec, Bartlesville, OK) with 180 μL 
of buffer ATL, and homogenized the samples with a Qiagen Tissuelyser at 30 Hz for 6 
min, adding 20 μL proteinase K. After homogenization, we extracted all samples using 
the single tube or 96-well format of the Blood & Tissue kit (Qiagen, Valencia, CA). 
To detect viable bacteria, we treated 9 frass extractions with propidium 
monoazide (PMA). We homogenized frass with the previous protocol described above 
with water instead of buffer ATL and without glass beads [27]. Using the PMA protocol 
from Nocker, Cheung, and Camper (2006), we added 1.25 μL PMA with a final 
concentration of 8 mM before exposing samples to a 500W halogen light 20cm above the 
samples on ice for 15 minutes. Afterward, we spun down the samples at 13,000 g for 5 
minutes before washing the pellet with 200 μL 1.5% NaCl twice then adding 180 μL 
buffer ATL and 20 μL proteinase K to extract DNA from the samples using the Blood & 
Tissue kit. 
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Amplification for Screening, Real-time Quantification, and Amplicon Sequencing 
Library Preparation 
 We validated our extractions using PCR amplification to amplify bee host DNA 
with the primers Apidae-F (AGATGGGGGCATTCGTATTG) and Apidae-R 
(ATCTGATCGCCTTCGAACCT) [28]. These primers target the 18S rRNA sequence 
and we used 2 μL of DNA template to amplify libraries in a PCR program with the 
following conditions: 95 C for 3 minutes and 35 cycles of 95 C for 30 seconds, 57 C 
for 30 seconds, and 72 C for 1 minute with a final extension at 72 C for 5 minutes. 
After we validated the extractions we amplified the DNA extractions using custom 
barcoded 799mod3-F (CMGGATTAGATACCCKGG) and 1115-R 
(AGGGTTGCGCTCGTTG) [29]–[31] primers using 4 μL of extractions in a 25 μL 
reaction using Phusion master mix (New England Biolabs, Ipswich, MA) in a PCR 
programmed for 94 C 3 minutes and 25 cycles of 94 C 45 seconds, 52 C for 1 minute, 
72 C for 1 minute and 30 seconds and a final extension at 72 C for 10 minutes as in 
(McFrederick and Rehan 2016, Rothman et al. 2018) to amplify the V3-V4 regions of 
bacterial 16S rRNA. After the first PCR amplification of the libraries, we cleaned the 
libraries using the Purelink Pro 96 PCR Purification kit from Thermo Fisher Scientific 
(Watham, MA). We then added the Illumina universal adapters to the cleaned libraries 
using a second PCR amplification with primers PCRII-F 
(AAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGC) and PCRII-R 
)ATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG) [31] in a 
PCR programmed for 94 C for 3 minutes and 10 cycles of 94 C for 45 seconds, 52 C 
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for 1 minute, 72 C for 1 minute and 30 seconds and finally a final extension of 72 C for 
10 minutes. After the second PCR, we normalized the libraries using the SequalPrep 
Normalization Plate 96 kit and the supplied protocol from Thermo Fisher Scientific 
(Watham, MA). We pooled 5 μL of each normalized library and performed a final clean-
up with a PureLink Quick PCR purification Kit.  Finally, we checked the amplicons on a 
2100 Bioanalyzer (Agilent, Santa Clara, CA) and sequenced the multiplexed libraries 
using a V3 Reagent Kit at 2 × 300 cycles on an Illumina MiSeq Sequencer (Illumina, San 
Diego, CA) at the UC Riverside Genomics Core Facility. Raw sequencing data are 
available on the NCBI Sequence Read Archive (SRA) under accession number 
________. We quantified the absolute abundance of these libraries with quantitative PCR 
(qPCR) using the 799mod3-F and 1115-R [29], [31] primers in a qPCR programmed for 
95 C for 3 minutes and 40 cycles of 95 C for 10 seconds, 59 C for 30 seconds with 
PowerSYBR Green master mix from Applied Biosystems (Foster City, CA). We 
constructed a plasmid containing a sequence of an amplicon made from the 799mod3-F 
and 1115-R. Upon extracting the plasmid and quantifying the concentration of the 
extraction, we used the plasmids to create a set of standard solutions containing an exact 
number of copies of plasmid with amplicon in each standard. We then used the set of 
standards as reference points to interpolate the absolute number of 799mod3-F and 1115-
R per μL. 
Sequence data and Statistical analysis 
 We used QIIME2-2019.01 to process and analyze our sequence libraries [32]. 
First, we trimmed the low-quality ends off the reads with QIIME2. Then, we used 
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DADA2 to assign our paired reads into ESVs (exact sequence variants), identify 
chimeras, and remove reads with more than two expected errors [33]. For 16S rRNA 
gene identification, we assigned taxonomy to the ESVs using the q2-feature-classifier 
trained to the 799-1115 region of the 16S rRNA genes [34] from the SILVA database 
[35]. For analyzing genera of the ESVs we referred the ESVs to their SILVA database 
inferred classification. We also added a manual processing step for our feature table. 
First, we conducted BLASTn searches against the NCBI nt/nr database (accessed April 
2019). We also used the hits from the BLASTn search to refer to the ESVs on a species 
level. Since sequencing resolution of the 799-1115 region is low for differentiating 
strains of a species, we gave each ESV matching a recurring name, whether species or the 
lowest classification possible a unique number. Next, we manually removed ESVs from 
the resulting feature tables matching reagent contaminant DNA sequences as identified in 
our blank samples as recommended in Salter et al. (2014). For our final ESV filtering 
round, we filtered matching chloroplast or mitochondria. Afterward, we used MAFFT to 
align the representative sequences [37] and FastTree v2.1.3 to generate a phylogenetic 
tree of 16S rRNA gene sequences [38]. 
We used the subsequent tree and the filtered feature table to analyze alpha 
diversity, create rarefaction curves (rarified at 1225 reads per sample), and generate 
distance matrices. We rarified at this sequencing depth because the rarefaction curves 
leveled off at this sequencing depth (Supplemental Figure 1). Afterward, we displayed 
the distance matrices through two-dimensional Nonmetric Multidimensional Scaling 
(NMDS). We analyzed the alpha diversity of our samples through the Shannon diversity 
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index and observed ESVs. We tested for significant differences in alpha diversity through 
the Kruskal-Wallis test in QIIME2. We tested the resulting beta diversity metrics for 
statistical significance in R v3.4.1 with Adonis and beta dispersion analysis in the 
package vegan [39] and “DESeq2” [40] packages via the Bioconductor package and 
“ggplot2” and “ggpubr” packages for graphing [41]. Our DEseq2 analyses used parsed 
feature tables with ESVs consisting of 0.2% or more of all sequences.  
Results 
Alpha Diversity and Absolute Abundance 
Upon rarefying and filtering contaminant ESVs, we acquired 1,122,406 sequences 
across 106 samples, originally from 149 samples. We analyzed Shannon's index and 
observed ESV alpha diversity and found that the frass (N= 40) and frass treated with 
PMA (N= 9) had the lowest Shannon’s index of any of the samples. There are marginal 
differences in alpha-diversity in many comparisons between bee samples, but the 
comparison between all groups at once is significant (Kruskal-Wallis: H = 34.86, p-value 
< 0.001). There were marginal differences in alpha diversity between 7 day old, fed 
adults emerging through frass caps (N= 10), without frass caps (N= 7), and unfed, 1 day 
old newly emerged adults emerging through frass caps (N= 22), and without frass caps 
(N= 18). There were significant differences in alpha diversity between the frass and bee 
groups (Frass v. capped and fed: H = 7.51, p-value < 0.01; Frass v. capped and unfed: H 
= 19.22, p-value < 0.001; PMA treated frass v. capped and unfed: H = 7.51, p-value < 
0.01; Frass v. capped and unfed: H = 5.85, p-value < 0.05; Frass v. uncapped and unfed: 
H = 20.28, p-value < 0.001; PMA treated frass v. uncapped and unfed: H = 8.29, p-value 
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< 0.001 ) (Fig. 1). Frass caps had the highest absolute abundances of bacterial DNA (x̅ = 
43,752 copies per μL extraction) from our qPCR data (Supplemental Figure 2). PMA 
treated frass caps had lower bacterial abundance compared to untreated frass caps (x̅ = 
14,123 copies per μL extraction for PMA treated samples) but had more variable alpha 
diversity compared to untreated frass caps (Fig. 1). However, these differences in median 
gene copies per μL were not significant (W = 341, P = 0.191, Supplemental Figure 2). All 
but two bee samples had 16S rRNA gene copies below the qPCR assay detection 
threshold, (500 copies per μL). Only one uncapped newly emerged bee (3602 copies per 
μL), and one uncapped fed bee (7473 copies per μL) amplified above the lowest standard. 
Prior to library preparation, we screened the bee samples for 18S rRNA genes to find that 
all samples were positive, except for some frass samples.  
Overall the top ten family level classification of bacteria are Lachnospiraceae 
(52.3 %), Lactobacillaceae (14.1 %), Orbaceae (11.0 %), Enterobacteriaceae (5.0 %), 
Acetobacteraceae (3.6 %), Anaplasmataceae (2.7 %), Moraxellaceae (2.3 %), 
Flavobacteriaceae (1.1 %), Sphingomonadaceae (0.6 %), and Caulobacteraceae (0.5 %) 
(Fig. 2). The top ten ESVs of bacteria include 6 ESVs identified as Clostridiaceaes (21.8 
%, 11.8 %, 11.5 %, 10.3 %, 4.8 %, 1.8 %, 62.2 % Total), Lactobacillus micheneri (10.4 
%), Citrobacter sp. (5.4 %), a Firmicutes (3.2%), and Gilliamella apicola (1.4 %). These 
top ten ESVs can be found across all samples, albeit at different levels (Fig. 2). 
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Beta Diversity Analyses and Differential Abundances of Frass and Newly Emerged 
Adults 
 Our beta diversity analyses using generalized UniFrac reveal that all comparisons 
containing each sample group pairing are significantly different from each other (Adonis 
across all treatments F = 8.963, R2 = 0.31 and P < 0.001). The two exceptions are the 
pairwise PERMANOVA comparison between the capped newly emerged adults and 
uncapped newly emerged adults (F = 1.454559, P = 0.111) and between the capped fed 
adults and uncapped fed adults (F = 1.120124, P = 0.296). The same is true for weighted 
UniFrac (Adonis across all treatments F = 11.85, R2 = 0.37 and P > 0.001), however, the 
exception here is only between the capped fed adults and uncapped fed adults (F = 
1.326751, P= 0.209). Plotting the generalized (stress = 0.117) and weighted (stress = 
0.087) UniFrac distances on a 2-dimensional NMDS plot reveals distinct clustering of 
frass caps and PMA frass caps from all bee samples  (Weighted: F = 5.42, R2 = 0.021 and 
P < 0.01, Fig. 3A; Generalized: F = 4.28, R2 = 0.0177 and P > 0.001, Fig. 3B). For the bee 
samples, there is distinct clustering between fed, 7 day old and newly emerged bee 
samples (Fig. 3A/B). The capped and uncapped sample groups within each of the fed and 
newly emerged sample groups are clustered more closely to each together, though can 
still be distinguished (Fig. 3A/B). Newly emerged bees that emerged from brood cells 
with either removed or intact frass caps do not significantly differ when using generalized 
UniFrac to analyze their beta-diversity, which is less influenced by the proportional 
abundance between samples than weighted UniFrac (Generalized: F = 1.45 and P = 0.111, 
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Fig. 3B). When using weighed UniFrac, these two are significantly different from each 
other (Weighted: F = 2.71 and P = 0.043, Fig. 3A).  
We compared ESVs using DESeq2 between each sample group pairing and have 
reported the log2fold differences of ESVs with a Benjamini-Hochberg corrected 
Padj < 0.05 (Fig. 4). We report recurring ESVs in our sample groups. Every comparison 
and significantly different ESV are available in Supplemental Figure 3. All significantly 
different ESVs are more abundant in frass than in non-PMA treated frass (Fig. 5). ESVs 
that are more abundant in frass compared to PMA treated frass, include Gilliamella 
apicola, Clostridiaceaes and Lactobacillus micheneri clade (Fig. 4). Gilliamella apicola, 
L. micheneri, and Clostridiaceaes are known symbionts that associate with wild bees and 
their pollen provisions [26]. These bacteria are more abundant in frass with 2 
differentially abundant Lactobacillus micheneri clade ESVs and 8 Clostridiaceaes ESVs 
when compared to any type of bee samples (Fig. 4). In the multiple comparisons between 
frass caps and any bee samples three to four Gilliamella apicola ESVs are less abundant 
in frass caps compared to any bee sample. In PMA-treated frass caps, 4 to 6 
Clostridiaceaes ESVs are significantly more abundant and 4 Gilliamella apicola ESVs 
are significantly less abundant compared to any type of bee sample (Fig. 4). In PMA-
treated frass caps, only the low base mean (mean normalized counts of an ESV across all 
samples in a treatment) Lactobacillus micheneri clade ESV was significantly more 
abundant in the bee samples (Fig. 4). However, there was an exception where the PMA-
treated frass caps were significantly more abundant with the high base mean 
Lactobacillus micheneri clade ESV than the uncapped fed bee samples (Fig. 4). 
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Gilliamella apicola ESVs are of similar abundances in uncapped newly emerged bees 
and uncapped or capped (Fig. 4; Supplemental Figure 3). One Clostridiaceaes ESVs is 
less abundant in capped emerged bees compared to uncapped emerged bees. There are no 
significant ESV abundances between fed bees that were uncapped or capped. ESVs such 
as Pantoea sp., Citrobacter sp., and Actinobacter sp., which are typically plant or soil 
associated and are more abundant in frass caps compared to any bee samples. In PMA 
treated frass caps, ESVs such as Pantoea sp., Citrobacter sp., Brevundimonas vesicularis 
and Spingomonas sp. are more abundant compared to any bee samples. 
Discussion 
Bacteria such as Clostridiaceaes and Lactobacillus micheneri clade appear to 
survive the winter, albeit at low levels inside M. rotundata nests. However, 
Clostridiaceaes and Lactobacillus micheneri clade bacteria do not appear to be readily 
able to colonize the bee as it emerges from its brood cell. Even PMA treated frass caps 
had 10X-30X more 16S rRNA gene copies than the two bee guts where found, the 
remaining bee samples had gene copies lower than the threshold of detection of bacteria. 
Even though bees pass through frass caps where live bacteria are present, all of the adult 
bees that we kept in sterile conditions after emergence had low absolute bacterial 
abundances. Though there were two individual exceptions, this was regardless of whether 
the bee was fed, or passed through a cap. Different conditions in the field may influence 
transmission in ways we are unable to test in the lab. 
In wild bees, flowers are known to be hubs for microbial transmission amongst 
bees [18]. The microbes that wild bees inherit when they emerge as adults are unknown, 
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but the bacterial communities adults, larvae, frass, and pollen provisions have also been 
described [18], [42]. In McFrederick et al. (2013) there were frass samples where L. 
micheneri was present, which we found here in our study. The present study is the first to 
examine the bacterial community of newly emerged M. rotundata. Our data suggest that 
transmission from nest surfaces to newly emerged adults is not an important pathway for 
M. rotundata, as it occurs at best very rarely. We found ESVs with similar sequence 
identity to L. micheneri in newly emerged bees regardless of whether they passed frass 
caps or if they were fed for 7 days. However, based on the qPCR assays these same bees 
mostly lacked quantifiable amounts of bacteria, indicating that the 16S rRNA gene 
amplicon survey detected bacteria that are present in very low abundances. Since we 
could not find any quantifiable amounts of bacteria in these newly emerged bees, the 
bacterial are at best rarely vertically transmitted. Instead, horizontal transmission via 
flowers may be necessary for the maintenance of the symbiosis, as previous 
quantification of L. micheneri in adult megachilid bee guts revealed that bacteria can be 
present in the hundreds of thousands [18]. This is different compared to honey bees, 
where horizontal transmission via flowers appear to be the least influential form of 
transmission of microbes, since most of the major symbionts are transmitted inside the 
hive [16], [43]. In addition to influential transmission modes, honey also differ in the 
abundance of microbes present in their guts, as they can have up to the hundreds of 
billions to trillions of lactobacilli in their guts before accounting for lactobacilli [19]. The 
lack of bacteria found in the newly emerged bees may also suggest that the wild bees may 
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not require a microbiome, or that it is not as important as implicated in honey bees and 
bumble bees. 
The possibility that M. rotundata and similar wild bees may not require a 
microbiome is a similar premise to caterpillars which are suggested to not require a 
resident microbiome as well [44]. Even if adult bees do not inherit microbes, there is a 
possibility that the microbes are only beneficial at certain stages, and that they are hitch-
hiking commensals at the adult stage. As hitchhikers, they may use bees as a vector to 
flowers, after which they may transfer to other bees and more flowers. Horizontal 
transmission of these microbes still appears to be a strong component as suggested in 
McFrederick et al. (2017). In McFrederick et al. (2017) and McFrederick et al. (2013), 
symbionts such as Lactobacillus are most abundant in that the pollen provisions of 
megachilid and halictid bees. This is where the Lactobacillus may proliferate, while also 
acidifying the pollen provisions to prevent potential pathogens, either obligate or 
opportunistic, from establishing. This was previously reported in Lactobacillus inhabiting 
inside honey bees or closely related Lactobacillus inhabiting other habitats [4], [45], [46]. 
It was also observed that Gilliamella sp. is present, likely due to horizontal transmission 
by nearby honey bees or bumble bees [18]. 
The low bacterial abundance and, in most cases, the lack thereof in newly 
emerged bees, could be attributed to the management practices of our bees and how it 
differs from nature. Despite the presence of viable bacteria in overwintered bee frass, 
these frass caps do not appear to inoculate newly emerged bee in a detectable manner. 
Overwintering M. rotundata are artificially chilled at 4 C for 7-10 months until ~ 2 
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weeks before they are needed for pollination services [24]. The constant low 
temperatures may cause the bacteria communities to bottleneck further in addition to 
natural bacterial turnover, as temperature fluctuates higher in the day before decreasing in 
the night. The artificial daily fluctuation of increased temperatures is beneficial to the 
mortality of overwintering bees, proving constant chilling at low temperatures to be 
suboptimal for bees [47]. There is a possibility that the bacteria living alongside 
overwintering brood may benefit from daily fluctuations of increased temperatures. 
Furthermore, this long storage may push the bacteria to be dormant, leading to decreased 
viability in the host gut. For example, when Lactobacillus become dormant by being 
exposed to harsh conditions over a long period of time, they require resuscitation to be 
culturable [48]. Since management practices may attenuate possible vertical transmission, 
transmission via frass in wild bees should be investigated as well. However, management 
may not play an issue as the emerging bee may not ingest frass as it chews out of its 
pupal case and frass cap at all. Another explanation may be viable bacteria are only 
present in the middle of a frass pellet and are therefore not able to make their way into the 
adult gut, to which some of these bacteria appear to be adapted to thrive in [49]. 
The detected ESVs in the frass caps and bee samples have also been detected in 
previous wild adult bee and pollen provisions studies [18], [26], suggesting that M. 
rotundata has relatively stable associations with these bacteria. Lactobacillus micheneri 
is the only one of these bacteria that was quantified in these previous studies, where it 
was found to vary in quantity with some bees and pollen provisions having large numbers 
of bacterial cells [18]. ESVs such as Pantoea sp., Citrobacter sp., and Actinobacter sp. 
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are putatively plant-associated microbes from the alfalfa leaves or pollen. These ESVs 
are also more abundant in frass compared to any bee samples and are not significantly 
less or more abundant in frass and PMA treated frass. Overall these plant-associated 
microbes are largely bottlenecked prior to interacting with emerging bees or poorly 
establish in newly emerged bees, but may still use bees as a vector as suggested in 
Rothman et al. (2018). Unlike what was found in Rothman et al. (2018), the 
Clostridiaceaes appear to be more abundant proportionately in frass compared to the 
pollen provision surveys. This suggests that the Clostridiaceaes may favor the frass 
environment. However, this can only be fully concluded in a study that analyzes and 
quantifies both the pollen provisions and the resulting frass after the larva feeds on the 
provisions and after bees are stored. The frass cap bacterial community is variable in that 
some can be composed of all Clostridiaceaes or all Lactobacillus or an intermediate 
combination of the two. We are also unsure if Clostridiaceaes abundance is attributed to 
their prior proportional abundance in pollen provisions or Megachile rotundata storage 
conditions while overwintering. With a longitudinal study in M. rotundata, we would be 
able to track how the initial composition of microbes in pollen provisions affects the 
outcome of larval health and their communities. The frass microbial community 
composition may be correlated to the pollen provision microbiome, which is similarly 
explored in literature comparing the bacterial communities of caterpillar gut and frass and 
the plants in their diet [50]. We may be able to use frass as a stand-in to predict the 
composition of the pollen provision previously present. 
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The diet that we fed the newly emerged bees may bias our results towards 
Gilliamella, typically a honey bee and bumble bee symbiont [51], as evidenced by its 
slightly higher abundance in fed bees than newly emerged Megachile. When comparing 
beta diversities fed bee samples are significantly different from newly emerged bees and 
frass samples. Our artificial nectar is a 50% sucrose and 0.85% pollen solution. While it 
is true that flowers have a high percentage of sucrose, floral nectar also contains glucose, 
fructose, amino acids, and secondary compounds [52]. Fructose is important for 
fructophilic flower and bee inhabiting bacteria such as L. micheneri since they require 
fructose to be an electron acceptor for ATP production pathways [49]. Bees may release 
sucrases or invertases to break the sucrose down, as wild bee pollen provisions typically 
contain fructose and glucose [53]. According to KEGG annotations, the Megachile 
rotundata draft genomes contain invertases that may allow proliferation of L. micheneri 
in the bee gut even if the flowers the host feeds upon do not secrete fructose into their 
nectar. Since available sucrases would cleave sucrose to glucose and fructose to make 
fructose available as an electron acceptor, L. micheneri would be able to proliferate in M. 
rotundata if transmitted from frass. Another possibility would be that invertases are 
produced by microbes present in the wild bee gut or pollen provision. Lactobacillus 
micheneri can also produce invertase [49] but may require energy from fructose first 
prior to producing invertases. 
Concluding Remarks 
Lactobacillus micheneri are horizontally transmitted and appear to have evolved 
to thrive mostly in wild bees [49]. However, outside of  McFrederick et al. (2017) and 
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McFrederick, Vuong, and Rothman (2018), L. micheneri has rarely been detected in other 
flower studies. Instead, close L. micheneri relatives such as L. kunkeei and L. plantarum 
have been found in flowers. The rare detection of L. micheneri in flowers may be due to 
the small number of current flower microbiome studies or because there is a reservoir of 
L. micheneri and other symbionts elsewhere in the environment. Flowers and adult bees 
are absent during the winter, so an additional, environmental reservoir for these bacteria 
may be important to maintain the interaction between generations. If the wild bee 
microbiota is as significant as recent work suggests [55], [56], then managed M. 
rotundata may not be the best model for bees. The possibility that management of M. 
rotundata is attenuating transmission suggest that exploration of symbiont transmission 
in wild bees is needed. The same can also be said in the pollen provision and frass 
bacterial and fungal communities in wild bees as well since management may alter both 
communities differently even if pollen and frass communities are correlated in wild bees. 
Acknowledgements & Funding Information 
The authors would like to thank the UC Riverside Genomics Core facility staff for their 
Next-Generation Sequencing troubleshooting expertise. The authors would like to thank 
Jason A. Rothman for their expertise in bacterial community analysis. The research was 
funded by the National Institute of Food and Agriculture under the Hatch fund grant 
under award no. CA-R-ENT-5109-H and UC Riverside initial complement funds, both 
awarded to Quinn S. McFrederick. 
 
  
 70 
 
References Cited: 
[1] C. Dale and N. A. Moran, “Molecular interactions between bacterial symbionts 
and their hosts,” Cell, vol. 126, no. 3, pp. 453–465, Aug. 2006. 
[2] J. H. Werren, L. Baldo, and M. E. Clark, “Wolbachia: master manipulators of 
invertebrate biology,” Nat. Rev. Microbiol., vol. 6, no. 10, pp. 741–751, Oct. 2008. 
[3] J. P. McCutcheon, B. R. McDonald, and N. A. Moran, “Convergent evolution of 
metabolic roles in bacterial co-symbionts of insects,” Proc. Natl. Acad. Sci. U. S. A., vol. 
106, no. 36, pp. 15394–15399, Sep. 2009. 
[4] E. Forsgren, T. C. Olofsson, A. Vásquez, and I. Fries, “Novel lactic acid bacteria 
inhibiting Paenibacillus larvae in honey bee larvae,” Apidologie, vol. 41, no. 1, pp. 99–
108, Jan. 2010. 
[5] G. M. Bennett and R. A. Chong, “{Genome-Wide} Transcriptional Dynamics in 
the Companion Bacterial Symbionts of the {Glassy-Winged} Sharpshooter (Cicadellidae: 
Homalodisca vitripennis) Reveal …,” G3 Genes, Genomes, Genet., 2017. 
[6] H. Salem et al., “Drastic Genome Reduction in an Herbivore’s Pectinolytic 
Symbiont,” Cell, vol. 171, no. 7, pp. 1520--1531.e13, Dec. 2017. 
[7] N. A. Moran, H. E. Dunbar, and J. L. Wilcox, “Regulation of transcription in a 
reduced bacterial genome: nutrient-provisioning genes of the obligate symbiont Buchnera 
aphidicola,” J. Bacteriol., vol. 187, no. 12, pp. 4229–4237, Jun. 2005. 
[8] P. W. Ewald, “Transmission Modes and Evolution of the {Parasitism-Mutualism} 
Continuum,” Ann NY Acad Sci, vol. 503, no. 1 Endocytobiolo, pp. 295–306, Jul. 1987. 
[9] Y. Kikuchi, T. Hosokawa, and T. Fukatsu, “Insect-microbe mutualism without 
vertical transmission: a stinkbug acquires a beneficial gut symbiont from the environment 
every generation,” Appl. Environ. Microbiol., vol. 73, no. 13, pp. 4308–4316, Jul. 2007. 
[10] G. M. Bennett and N. A. Moran, “Heritable symbiosis: The advantages and perils 
of an evolutionary rabbit hole,” Proc. Natl. Acad. Sci. U. S. A., vol. 112, no. 33, pp. 
10169–10176, Aug. 2015. 
[11] M. Bright and S. Bulgheresi, “A complex journey: transmission of microbial 
symbionts,” Nat. Rev. Microbiol., vol. 8, no. 3, pp. 218–230, Mar. 2010. 
[12] M. McFall-Ngai, “Divining the essence of symbiosis: insights from the squid-
vibrio model,” PLoS Biol., vol. 12, no. 2, p. e1001783, Feb. 2014. 
[13] S. G. Potts et al., “Declines of managed honey bees and beekeepers in Europe,” J. 
Apic. Res., vol. 49, no. 1, pp. 15–22, 2010. 
 71 
 
[14] L. A. Burkle, J. C. Marlin, and T. M. Knight, “{Plant-Pollinator} Interactions 
over 120 Years: Loss of Species, {Co-Occurrence}, and Function,” Science (80-. )., vol. 
339, no. 6127, pp. 1611–1615, Mar. 2013. 
[15] P. Engel et al., “The Bee Microbiome: Impact on Bee Health and Model for 
Evolution and Ecology of {Host-Microbe} Interactions,” MBio, vol. 7, no. 2, May 2016. 
[16] W. K. Kwong and N. A. Moran, “Gut microbial communities of social bees,” Nat. 
Rev. Microbiol., vol. 14, no. 6, pp. 374–384, Jun. 2016. 
[17] V. G. Martinson, B. N. Danforth, R. L. Minckley, O. Rueppell, S. Tingek, and N. 
A. Moran, “A simple and distinctive microbiota associated with honey bees and bumble 
bees: {THE} {MICROBIOTA} {OF} {HONEY} {BEES} {AND} {BUMBLE} 
{BEES},” Mol. Ecol., vol. 20, no. 3, pp. 619–628, Feb. 2011. 
[18] Q. S. McFrederick et al., “Flowers and Wild Megachilid Bees Share Microbes,” 
Microb. Ecol., vol. 73, no. 1, pp. 188–200, Jan. 2017. 
[19] L. Kešnerová, R. A. T. Mars, K. M. Ellegaard, M. Troilo, U. Sauer, and P. Engel, 
“Disentangling metabolic functions of bacteria in the honey bee gut,” PLoS Biol., vol. 15, 
no. 12, p. e2003467, Dec. 2017. 
[20] P. R. Johnston and J. Rolff, “Host and Symbiont Jointly Control Gut Microbiota 
during Complete Metamorphosis,” PLoS Pathog., vol. 11, no. 11, p. e1005246, Nov. 
2015. 
[21] A. Shade, P. S. McManus, and J. Handelsman, “Unexpected diversity during 
community succession in the apple flower microbiome,” MBio, vol. 4, no. 2, Feb. 2013. 
[22] R. F. Mitchell and L. M. Hanks, “Insect frass as a pathway for transmission of 
bacterial wilt of cucurbits,” Environ. Entomol., vol. 38, no. 2, pp. 395–403, Apr. 2009. 
[23] M. G. Dominguez-Bello et al., “Delivery mode shapes the acquisition and 
structure of the initial microbiota across multiple body habitats in newborns,” Proc. Natl. 
Acad. Sci. U. S. A., vol. 107, no. 26, pp. 11971–11975, Jun. 2010. 
[24] T. L. Pitts-Singer and J. H. Cane, “The alfalfa leafcutting bee, Megachile 
rotundata: the world’s most intensively managed solitary bee,” Annu. Rev. Entomol., vol. 
56, pp. 221–237, 2011. 
[25] P. Engel and N. A. Moran, “The gut microbiota of insects - diversity in structure 
and function,” FEMS Microbiol. Rev., vol. 37, no. 5, pp. 699–735, Sep. 2013. 
[26] J. A. Rothman, C. Andrikopoulos, D. Cox-Foster, and Q. S. McFrederick, “Floral 
and Foliar Source Affect the Bee Nest Microbial Community,” Microb. Ecol., Dec. 2018. 
 72 
 
[27] A. Nocker, C.-Y. Cheung, and A. K. Camper, “Comparison of propidium 
monoazide with ethidium monoazide for differentiation of live vs. dead bacteria by 
selective removal of {DNA} from dead cells,” J. Microbiol. Methods, vol. 67, no. 2, pp. 
310–320, Nov. 2006. 
[28] I. Meeus, D. C. de Graaf, K. Jans, and G. Smagghe, “Multiplex {PCR} detection 
of slowly-evolving trypanosomatids and neogregarines in bumblebees using broad-range 
primers,” J. Appl. Microbiol., vol. 109, no. 1, pp. 107–115, Jul. 2010. 
[29] F. E. Löffler, Q. Sun, J. Li, and J. M. Tiedje, “{16S} {rRNA} gene-based 
detection of tetrachloroethene-dechlorinating Desulfuromonas and Dehalococcoides 
species,” Appl. Environ. Microbiol., vol. 66, no. 4, pp. 1369–1374, Apr. 2000. 
[30] A. S. Hanshew, C. J. Mason, K. F. Raffa, and C. R. Currie, “Minimization of 
chloroplast contamination in {16S} {rRNA} gene pyrosequencing of insect herbivore 
bacterial communities,” J. Microbiol. Methods, vol. 95, no. 2, pp. 149–155, Nov. 2013. 
[31] S. W. Kembel, T. K. O’Connor, H. K. Arnold, S. P. Hubbell, S. J. Wright, and J. 
L. Green, “Relationships between phyllosphere bacterial communities and plant 
functional traits in a neotropical forest,” Proc. Natl. Acad. Sci. U. S. A., vol. 111, no. 38, 
pp. 13715–13720, Sep. 2014. 
[32] E. Bolyen et al., “{QIIME} 2: Reproducible, interactive, scalable, and extensible 
microbiome data science,” PeerJ Inc., Dec. 2018. 
[33] B. J. Callahan, P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson, and S. 
P. Holmes, “{DADA2}: High-resolution sample inference from Illumina amplicon data,” 
Nat. Methods, vol. 13, no. 7, pp. 581–583, Jul. 2016. 
[34] J. W. Leff and N. Fierer, “Bacterial communities associated with the surfaces of 
fresh fruits and vegetables,” PLoS One, vol. 8, no. 3, p. e59310, Mar. 2013. 
[35] C. Quast et al., “The {SILVA} ribosomal {RNA} gene database project: 
improved data processing and web-based tools,” Nucleic Acids Res., vol. 41, no. 
Database issue, pp. D590--6, Jan. 2013. 
[36] S. J. Salter et al., “Reagent and laboratory contamination can critically impact 
sequence-based microbiome analyses,” BMC Biol., vol. 12, p. 87, Nov. 2014. 
[37] K. Katoh and D. M. Standley, “{MAFFT} multiple sequence alignment software 
version 7: improvements in performance and usability,” Mol. Biol. Evol., vol. 30, no. 4, 
pp. 772–780, Apr. 2013. 
[38] M. N. Price, P. S. Dehal, and A. P. Arkin, “{FastTree} 2--approximately 
maximum-likelihood trees for large alignments,” PLoS One, vol. 5, no. 3, p. e9490, Mar. 
2010. 
 73 
 
[39] J. Oksanen et al., “Vegan: community ecology package. {R} package version 
1.17-4,” http//cran. r-project. org>. Acesso em, vol. 23, p. 2010, 2010. 
[40] M. I. Love, W. Huber, and S. Anders, “Moderated estimation of fold change and 
dispersion for {RNA-seq} data with {DESeq2},” Genome Biol., vol. 15, no. 12, p. 550, 
2014. 
[41] A. Kassambara, “ggpubr: ‘ggplot2’ Based Publication Ready Plots.” 2017. 
[42] Q. S. McFrederick, J. J. Cannone, R. R. Gutell, K. Kellner, R. M. Plowes, and U. 
G. Mueller, “Specificity between lactobacilli and hymenopteran hosts is the exception 
rather than the rule,” Appl. Environ. Microbiol., vol. 79, no. 6, pp. 1803–1812, Mar. 
2013. 
[43] K. E. Anderson et al., “Microbial ecology of the hive and pollination landscape: 
bacterial associates from floral nectar, the alimentary tract and stored food of honey bees 
(Apis mellifera),” PLoS One, vol. 8, no. 12, p. e83125, Dec. 2013. 
[44] T. J. Hammer, D. H. Janzen, W. Hallwachs, S. P. Jaffe, and N. Fierer, 
“Caterpillars lack a resident gut microbiome,” Proc. Natl. Acad. Sci. U. S. A., vol. 114, 
no. 36, pp. 9641–9646, Sep. 2017. 
[45] F. Valerio, P. Lavermicocca, M. Pascale, and A. Visconti, “Production of 
phenyllactic acid by lactic acid bacteria: an approach to the selection of strains 
contributing to food quality and preservation,” FEMS Microbiol. Lett., vol. 233, no. 2, pp. 
289–295, Apr. 2004. 
[46] E. C. Palmer-Young, T. R. Raffel, and Q. S. McFrederick, “Temperature-
mediated inhibition of a bumblebee parasite by an intestinal symbiont,” Proc. R. Soc. B 
Biol. Sci., vol. 285, no. 1890, 2018. 
[47] J. P. Rinehart, G. D. Yocum, M. West, and W. P. Kemp, “A fluctuating thermal 
regime improves survival of cold-mediated delayed emergence in developing Megachile 
rotundata (Hymenoptera: Megachilidae),” J. Econ. Entomol., vol. 104, no. 4, pp. 1162–
1166, Aug. 2011. 
[48] J. Liu et al., “Discovery and control of culturable and viable but non-culturable 
cells of a distinctive Lactobacillus harbinensis strain from spoiled beer,” Sci. Rep., vol. 8, 
no. 1, p. 11446, Jul. 2018. 
[49] H. Q. Vuong and Q. S. McFrederick, “Comparative genomics of wild bee and 
flower isolated Lactobacillus reveals potential adaptation to the bee host,” Genome Biol. 
Evol., Jun. 2019. 
 74 
 
[50] S. Chaturvedi, A. Rego, L. K. Lucas, and Z. Gompert, “Sources of Variation in 
the Gut Microbial Community of Lycaeides melissa Caterpillars,” Sci. Rep., vol. 7, no. 1, 
p. 11335, Sep. 2017. 
[51] W. K. Kwong et al., “Dynamic microbiome evolution in social bees,” Sci. Adv., 
vol. 3, no. 3, p. e1600513, Mar. 2017. 
[52] S. W. Nicolson, “The Importance of Osmosis in Nectar Secretion and its 
Consumption by Insects,” Integr. Comp. Biol., vol. 38, no. 3, pp. 418–425, Jun. 1998. 
[53] J. H. Cane, D. R. Gardner, and P. A. Harrison, “Nectar and pollen sugars 
constituting larval provisions of the alfalfa leaf-cutting bee (Megachile rotundata) 
(Hymenoptera: Apiformes: Megachilidae),” Apidologie, vol. 42, no. 3, pp. 401–408, May 
2011. 
[54] Q. S. McFrederick, H. Q. Vuong, and J. A. Rothman, “Lactobacillus micheneri 
sp. nov., Lactobacillus timberlakei sp. nov. and Lactobacillus quenuiae sp. nov., lactic 
acid bacteria isolated from wild bees and flowers,” Int. J. Syst. Evol. Microbiol., vol. 68, 
no. 6, pp. 1879–1884, Jun. 2018. 
[55] P. S. Dharampal, C. Carlson, C. R. Currie, and S. A. Steffan, “Pollen-borne 
microbes shape bee fitness,” Proc. Biol. Sci., vol. 286, no. 1904, p. 20182894, Jun. 2019. 
[56] S. A. Steffan, P. S. Dharampal, B. N. Danforth, H. R. Gaines-Day, Y. Takizawa, 
and Y. Chikaraishi, “Omnivory in Bees: Elevated Trophic Positions among All Major 
Bee Families,” Am. Nat., p. 0, May 2019. 
 
 75 
 
 
 76 
 
Fig. 3.1: Box plots of alpha diversity for each treatment mapping Shannon diversity index 
(A) and observed ESVs (B). Unique letters: a-z represent pairs of samples types that are 
significantly different pairs.  
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Fig. 3.2: Taxonomic family-level or higher stacked boxplots with twenty of the most 
abundant families grouped by treatment. The twenty families found are greater than 
0.50% proportional abundance are included in this figure. 
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Fig. 3.3: Non-metric multidimensional scaling (NMDS) of the frass and M. rotundata 
adult bacterial communities grouped by treatment of weighed UniFrac distance matrix 
(A) and the  
generalized UniFrac distance matrix (B). Ellipses denote 95% confidence intervals.  
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Fig. 3.4: Bar plot of the log2 fold change of the significantly differentially abundant (Padj 
< 0.05) exact sequence variants (ESV) from comparing ESV counts between frass 
samples and PMA-treated frass samples. ESV names are assigned by their lowest 
possible taxonomic order based on BLASTn results. 
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Abstract 
Microbial mutualists can benefit their hosts in myriad ways, one being a defensive 
mutualism where the symbiont defends the host from pathogens or spoilage organisms. In 
wild bees, this is particularly important because nesting substrates such as soil or leaves, 
flowers, and floral food sources are reservoirs of pathogens and molds. However, the 
nutrient-rich pollen and nectar larval food provisions are usually not overgrown with 
fungi despite their density of nutrients. In this study, we investigated the fungal inhibitory 
capabilities of strains of three species of Lactobacillus that are often found at high 
densities in pollen provisions. We collected saprophytic and pathogenic fungi from nest 
substrates and larvae cadavers and tested the inhibitory capabilities of the Lactobacillus 
in vitro and in sterilized, natural pollen provisions. We found that specific fungi were 
inhibited by one or more bacterial strains in vitro, but that no single bacterial strain could 
inhibit all fungi. One strain of L. timberlakei, however, was exceptional at inhibiting 
fungi. Next, we inoculated pollen provisions with this L. timberlakei strain, which 
prevented visible growth of the mold and revealed inhibition that depended on the initial 
density of inoculated cells and spores when quantifying the bacteria and fungi using 
qPCR. Overall, we found that Lactobacillus found in pollen provisions and adult bees 
inhibit competitors and likely pathogens of wild bees. We posit that the variation in 
inhibitory properties of Lactobacillus against specific fungi suggests one possible 
mechanism for the maintenance of Lactobacillus strain diversity in the pollination 
environment. 
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Introduction 
Microbial symbionts are often responsible for providing additional functions to 
their animal hosts [1]. In insects and other animals, one notable function that microbial 
symbionts provide is pathogen defense [2]. Mechanisms for pathogen defense by 
microbes can be indirect via priming host immune function or inducing rapid host 
development or direct by producing metabolites that inhibit pathogen growth [3]. There is 
mounting evidence that microbial symbionts may influence the balance of the 
pathogenicity of not only obligate but also opportunistic pathogens. 
Bees face a grave series of challenges that have driven their populations to 
alarmingly historic lows [4], [5]. One of these challenges is pathogen pressure from both 
fungi and bacteria [6]. Microbes appear to play a role in pathogen defense in corbiculate 
bees such as honey bees and bumble bees [7]–[9]. For example, both obligate and 
opportunistic microbial pathogens decrease honey bee survival when microbial 
communities are disrupted by antimicrobials [10].  
Fungal pathogens can be important for solitary and wild bees. Outside of spoiling 
pollen provisions, interactions between fungi and bees such as M. rotundata are 
particularly important because there are highly pathogenic fungal species such as 
Ascosphaera aggregata [11]. Ascosphaera aggregata can cause M. rotundata population 
losses as high as 20% in the US per year [12]. Ascosphaera aggregata is the causative 
agent of chalkbrood, a fatal M. rotundata disease where A. aggregata spores infect 
internally to form mycelia within the host [11]. In addition, previous studies have 
reported temperature-dependent mortality with M. rotundata inoculated with 
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Ascosphaera aggregata [13]. In James (2005), M. rotundata inoculated with 
Ascosphaera aggregata survived best at temperatures between 30 C and 35 C. Though 
this study described temperature-dependent mortality of M. rotundata, the influence of 
bacterial symbionts and how temperature influenced their interaction with fungi were not 
explored.  
While there is some evidence for interactions between bacteria and fungi in the M. 
rotundata larval gut, it is not known whether bacteria in pollen provisions exert indirect 
or direct pressure on fungi in wild bees [14]. Lactobacillus micheneri, L. timberlakei, and 
L. quenuiae (which we refer to as the Lactobacillus micheneri clade) are abundant 
bacterial symbionts present in wild bee larvae, adults, and pollen provisions [15], [16]. 
Lactobacilli can inhibit competing microorganisms in many human foods [17]–[19] and 
we predict that the L. micheneri clade provides similar beneficial functions for their bee 
hosts. The nutrient-dense pollen provisions that mother bees supply for their offspring 
can support a high density of biomass of microorganisms [15]. The pollen provisions risk 
contamination and spoilage that would reduce nutrient quality and exacerbate pathogen 
exposure for the bee larvae that feed on pollen provisions. However, even with ambient 
levels of fungi present, the pollen provisions are largely unaffected by fungal pathogens 
[20], possibly because of beneficial L. micheneri clade bacteria. Furthermore, the 
optimum growth temperature for the Lactobacillus micheneri clade is between 30 C and 
35 C [21], which was the same temperature range where mortality of M. rotundata 
inoculated with A. Ascosphaera was lowest [13]. The correlation between the 
Lactobacillus optimum growth temperature range and the temperature range with lower 
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M. rotundata mortality may not be coincidental. Instead, we predict that these 
temperatures allow optimum fungal inhibition by L. micheneri clade bacteria, benefitting 
bees.  In our study, we quantified the inhibitory capabilities of the L. micheneri clade 
against obligate entomopathogenic fungi and opportunistic saprophytic fungi in vitro and 
in pollen provisions. 
Materials and Methods 
Sample Collection and DNA Extraction 
We collected Megachile rotundata pollen provisions from UC Riverside 
Agricultural Operations land and the Richmond, UT USDA alfalfa fields. Megachile 
rotundata pollinate alfalfa during the spring and summer months and are cavity nesters 
that construct leaf nests, supply pollen provisions, and lay a single egg in each leaf-lined 
chamber, which is called a brood cell [12]. The larvae will feed on the pollen provisions 
and will mature to a pre-pupal phase as winter approaches [12]. These pre-pupae are 
stored at 4 C in blocks or in loose brood cells over the winter or are sold in blocks or in 
loose brood cells. Each brood cell will contain a single pollen provision. We used 
Lactobacillus micheneri clade strains described in McFrederick et al. (2017) and Vuong 
and McFrederick (2019) (Supplemental Table 1). We collected fungal samples from 
Nomia melanderi nesting in alfalfa fields in Washington’s Touchet Valley, Yosemite, CA 
and from Megachile rotundata brood cells in Riverside, CA (Table 2). These fungi 
included Aspergillus niger F10, a common mold found in pollen provisions [20]. We 
additionally used Ascosphaera spp. strains from in Klinger (2015)  and plated the fungi 
on the appropriate SDA, dichloran plates [23] or V8 media plates [24]. We also obtained 
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Megachile rotundata cadavers afflicted with chalkbrood, and we suspended spores from 
these cadavers in 200 μL of PBS and then diluted this suspension 100X. We plated 
Ascosphaera spore resuspensions on V8 media plates under CO2 enrichment (BD 
GasPak™ EZ pouch systems, Franklin Lakes, NJ). We dissected dead N. melanderi and 
M. rotundata, or N. melanderi and M. rotundata nest debris and resuspended the samples 
with 200 μL of PBS. We then made a 10X and 100X dilution of the PBS resuspension 
before plating fungi on PDA plates. Afterward, we subcultured the fungi 3 times before 
storing them long term using pure autoclaved H2O and 15% glycerol.  
In vitro Experimental Design 
For our larger single replicate inhibition screen or plate experiment #1, we tested 
30 Lactobacillus strains from McFrederick, Vuong, and Rothman (2018) and Vuong and 
McFrederick (2019) (Supplemental Table 1) against 13 fungal strains and suspensions 
from 5 chalkbrood cadavers. We quantified the spores from the chalkbrood cadavers 
using a Neubauer hemocytometer and made two suspensions consisting of a 
concentration of 100,000 spores/ mL and 200,000 spores/ mL. We plated all chalkbrood 
resuspensions under CO2 enrichment conditions. In total, we tested 30 Lactobacillus 
strains with 23 fungi strains and 5 chalkbrood cadaver suspensions. We used the bacterial 
agar plug (diameter .5 cm) (American Science & Surplus, Stokie, IL) diffusion method 
and media well (diameter .5 cm) diffusion method for all suspensions, where bores or 
wells were placed 2 cm from the center and 90 degrees apart from each other [25]. We 
added conditioned media (filtrate from a 2-day old Lactobacillus culture containing 
Lactobacillus metabolites without bacterial cells) to the wells to diffuse into the media 
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which fungi will grow towards. We created the Lactobacillus bores by plating an over-
night culture and incubating the plate for 2 days at 32 C before boring out agar plugs 
using a sterilized cork bore of 0.5 cm diameter. Each plate contained three different 
strains and a control treatment consisting of either sterile MRS+F media or a sterile agar 
bore. We used three methods to inoculate our plates with fungi. First, many fungi grew 
radially without spreading spores. Radially and non-sporulating fungal strains were added 
to plates with a fungal agar bore (diameter 0.5cm). Other strains were added to plates as 
spores, as some fungal strains were effective sporulating fungal strains or were obtained 
as spores resuspended from a M. rotundata chalkbrood cadaver. As a result, we plated 
sporulating fungal strains by spreading 10,000 spores of each strain on to each plate 
before adding Lactobacillus agar bores or removing bores for wells. For spores sourced 
from M. rotundata chalkbrood cadavers we made resuspensions of spores to inoculate 
10,000 spores and 20,000 spores on to separate plates to test density-dependent inhibition 
effects. For plates in the agar bore experiment, we measured the distance between the 
Lactobacillus agar bore and fungal bores and the number of days the fungi took to grow 
to the Lactobacillus agar. Finally, for plates with applied spores, we measured the 
number of days the fungi spores took to overgrow the Lactobacillus agar. 
For plate experiment 2, We increased our replicates for each strain to 3 and tested 
5 strains which included the most inhibitory strain, 4 of the intermediate inhibitory strain, 
and one of the least inhibitory strains from experiment 1. In this experiment, we only 
used the bacterial agar plug diffusion method. Additionally, we increased the distance 
that we plated the fungal agar bore in the center with the blank MRS agar bore and the 
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three Lactobacillus agar bores to 3 cm and spaced them 90 degrees apart from one 
another. In this experiment, we grew the fungi for 10 days at their optimum temperatures 
in their optimum media. We also included the four Ascosphaera strains from Logan, UT.  
For plate experiment 3, we tested whether fungal inhibition by the L. micheneri 
clade is temperature-dependent. We tested A. aggregata inhibition at three different 
temperatures, 25 C, 29 C, and 32 C. We controlled the Lactobacillus input based on 
their growth curve by correlating colony-forming units and the optical density of each 
strain and used the curve to spread approximately 10,000 cells across the plate. After two 
days of incubation at 32 C, we began our experiment and transferred Lactobacillus agar 
bores. For plates where we applied 10,000 fungal spores, we measured the number of 
days the fungi lawn took to overgrow the Lactobacillus agar plug. Finally, for this 
experiment, we measured the distance that the fungi grew on the third day after we set 
our experiment up and on the day the fungi grew to the control agar bore [26]. 
Pollen Provision Experimental Design 
We sent our pollen provisions to the Logan, Utah ARS Pollinating Insects 
Laboratory for ethylene oxide sterilization. Ethylene oxide (EtO) (C₂H₄O) is a gaseous 
substance that is antimicrobial and denatures DNA [27]. The pollen provisions were 
sterilized with EtO gas for 1 day at 50 C. The EtO denatures DNA by alkylating the 
nucleic acids, and microbial enzymes, effectively killing microbes by irreversibly 
deactivating their cellular machinery [27]. After EtO sterilization, we removed the pollen 
and nectar contents from the alfalfa leaves and pooled the contents together (N = 150). 
We then added 50 L of Millipore H2O per pollen provision and transferred 50 μL 
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suspensions (N = 168) in 2 groups of 24 across 3 96 well tissue culture plates (Falcon, 
Corning, NY). We used the growth curves of each Lactobacillus strain to prepare 
dilutions of 10,000 and 100,000 Lactobacillus cells per 10 L in diH2O). We plated the 
dilution of the cultures to confirm the amount of Lactobacillus added. After transferring 
the pollen provisions, we added combinations of 0 (no); 14,900 (low); and 149,000 (high) 
Lactobacillus cells per 10 L in diH2O and 0 (no); 5,000 (low); and 10,000 (high) 
Aspergillus niger F10 spores per 10 L in diH2O. Regardless of how much bacterial or 
fungal spores were added, we added 20 L of diH2O so each pollen provision has a final 
volume of 70 μL. We chose our pollen provision experiment run time to mimic the 
duration between the M. rotundata female lays her egg on top of the pollen provision 
until the hatched larvae reach late 5th instar when it finishes feeding on the pollen 
provision [12]. We incubated these samples for 7 days at 28 C and 50% humidity with a 
moist paper towel surrounding every 96 well plates that we remoistened each day.  
DNA Extraction and DNA Amplification for Screening and Real-time Analyses 
We extracted DNA from pollen provisions and fungal cultures using a modified 
extraction protocol based on Engel and Moran (2013) and used in Rothman et al. (2018). 
We extracted the cultured fungi samples using 50–100 μL of 0.1 mm glass beads and one 
3.4 mm steel-chrome bead (Biospec, Bartlesville, OK) in 180 μL of buffer ATL and 
homogenized the samples with a Qiagen Tissuelyser at 30 Hz for 6 min. After 
homogenization, we added 20 μL proteinase K and then extracted all samples using 
single columns or the 96-well format of the DNeasy Blood & Tissue kit (Qiagen, 
Valencia, CA). Before DNA extraction, we suspended pollen provisions in 150 μL of 
 92 
 
Millipore H2O. We added 15 μL of the pollen suspensions to a 96-well plate with 50–100 
μL of 0.1 mm glass beads, one 3.4 mm steel-chrome bead (Biospec, Bartlesville, OK) 
with 180 μL of buffer ATL, and homogenized the samples with a Qiagen Tissuelyser at 
30 Hz for 6 min, and then added 20 μL proteinase K. 
For identification of our fungal strains, we used the ITS-1F 
(TCCGTAGGTGAACCTGCGG) and ITS-4 (TCCTCCGCTTATTGATATGC) primers 
to amplify the ITS regions [30] (Table 1). We programmed the thermocycler with an 
initial denaturation step at 95 C for 3 minutes and 35 cycles at 95 C for 30 seconds, 55 
C for 30 seconds, and 72 C for 1 minute and a final elongation step of 72 C for 10 
minutes. Prior to sending off our amplicons for Sanger sequencing at Retrogen Inc (San 
Diego, CA), we used a PureLink™ PCR Purification Kit by Thermo Fisher Scientific 
(Waltham, MA). To quantify fungi inside our pollen provisions we used a custom primer 
designed with primer BLAST [31] using the ITS sequence of the Aspergillus niger strain 
F10 that we used in the experiment (Supplemental Table 1) [31]. These primers were 
AN-ITS-F (AAGCGTGCAGTCTGAGTTGA) and AN-ITS-R 
(GTTATCGCATTTCGCTGCGT) (Table 1). To validate this primer set, we programmed 
the thermocycler with an initial denaturation step at 95 C for 3 minutes and 35 cycles at 
95C for 30 seconds, 60 C for 30 seconds, and 72 C 1 minute and a final elongation 
step of 72 C for 10 minutes. We quantified each sample’s Lactobacillus load with a 
qPCR program set at an initial denaturation step at 95 C for 3 minutes and 40 cycles at 
95 C for 15 seconds and a combined annealing and elongation step at 60 C for 30 
seconds (Efficiency: 90.0% - 105.1%, R2: 0.988 - 1.000). Though EtOX treatment was 
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intended to remove residual DNA from pollen provisions, we found high levels of 799F-
1115mod3R [32], [33] 16S rRNA gene copies in samples without added Lactobacillus. 
We believe that the residual DNA may derive from fungal or pollen mitochondria or 
residual Lactobacillus rRNA genes. We addressed this issue by specifically amplifying 
the L. timberlakei HV12 added to the pollen provisions without quantifying residual 
bacteria in the provision after sterilization. We compared the available L. micheneri, L. 
timberlakei, L. quenuiae genomes from Vuong and McFrederick (2019) using OrthoMCL 
to find genes unique to L. timberlakei HV12, the strain used in this experiment [34]. We 
found a phage-associated gene unique to L. timberlakei HV12 and used primer BLAST to 
design the primer pair HV12specF (ACATTCAATTGGGGCGCATTC) and HV12specR 
(ACATGTTCACCATCAAATCCAGTTA) (Table 1). To validate the primer set 
HV12spec, we programmed the thermocycler with an initial denaturation step at 95 C 
for 3 minutes and 35 cycles at 95 C for 30 seconds, 60 C for 30 seconds, and 72 C 1 
minute and a final elongation step of 72 C for 10 minutes. We quantified Lactobacillus 
with a qPCR program set at an initial denaturation step at 95 C for 3 minutes and 40 
cycles at 95 C for 15 seconds, and an annealing and elongation step at 59.6 C for 30 
seconds (Efficiency: 90.2% - 100.7%, R2: 0.995 - 0.999). We added a melt curve analysis 
at the end of the 40 cycles for each qPCR protocol, with a 0.5 C step for 5 seconds 
starting at 65 C to 95 C. When preparing our qPCR reactions, we used 2.4 μL Millipore 
H2O, 5 μL Biorad (Hercules, CA) SsoAdvanced Mastermix (2x), 0.3 μL of primers, and 
2μL of DNA template. For the Aspergillus niger specific primers, we used 0.25 μL of 
primers. 
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Plate Data Collection, Statistical Analyses and Graphics Programs 
 We made our graphics using a combination of R [35] packages: ggplot2 
[36], ggpubr [36], pheatmap [37], and survminer [38]. Time to event analysis was 
completed with the R package survival [39]. Prior to extracting DNA from our pollen 
provisions, we diluted the pollen provisions 10-fold and diluted the fungi only treatment 
when quantifying A. niger an additional 10-fold. Our raw qPCR data calculated the gene 
copy number per μL of extractions (200 μL total). To scale up our gene copy number to 
per pollen provision, we multiplied the copy number of every sample by 10*200 and by 
another 10 for the fungi only treatment when quantifying A. niger. These numbers were 
chosen in consideration of the upstream dilutions of the pollen provisions (10), for the 
extracts fungi only treatment when quantifying A. niger (10), and extraction elution steps 
(200 μL). 
We analyzed the distances the fungi strains grew with a Kruskal-Wallis test, with 
a post hoc Dunn’s test with Benjamini-Hochberg p-value adjustment. For fungal 
inhibition data gathered from plates with fungi agar plugs, we measured the absolute 
distance the fungi grew towards agar plugs. For each fungal strain, we measure all the 
distances on the day where fungi reached the control on at least one plate. We analyzed 
the distances the fungi strains grew with separate Kruskal-Wallis tests for each strain, 
comparing the distances the fungi grew towards the agar plugs for each of the 
Lactobacillus strains and the control. When fungal spores were added to the plates, we 
measured the number of days it took the fungi to overgrow an agar plug. With a Kruskal-
Wallis test, we compared the number of days the fungi took to overgrow the agar plugs 
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for each of the Lactobacillus strains and the control. With each significant Kruskal-Wallis 
test, we used the Dunn’s test as a post hoc test with Benjamini-Hochberg p-value 
adjustment to compare distance or day data between the Lactobacillus strains and control 
in each fungal strain (6 comparisons).  
Since the A. aggregata grow at different speeds at different temperatures, 
comparing distances at different temperatures on the same day would be uninformative. 
Instead, we compared the difference between the distance the fungi grew towards the 
control agar plug with the distance the fungi grew towards the Lactobacillus agar plug. 
We measured all the differences in the distances for a temperature treatment on the day 
where fungi treatment reached the control agar plug on at least one plate to compare the 
fungi growth at the same events. As a result, 25 C distances were measured at 7 days 
while 29 C and 32 C distances were measured at 6 days. We analyzed the fungal 
growth distance differences with Kruskal-Wallis tests with a post hoc Dunn’s test with 
Benjamini-Hochberg p-value adjustment for significant Kruskal-Wallis tests as 
conducted in Evans et al. (2015). We completed post hoc Dunn’s tests with the R 
package FSA [41].  
For the pollen provision qPCR gene copy data, we used Kruskal-Wallis tests with 
post hoc Wilcox tests Benjamini-Hochberg p-value adjustment. For the time to event data 
for comparisons between pollen provisions inoculated with fungal spores and with pollen 
provisions, we used Pearson’s χ2, odds ratio and Fisher’s exact p-value calculations were 
made with a custom python script. 
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Results 
Collection and Identification of Fungi 
We ultimately collected and preserved 13 fungal strains (Table 2). We found 
many isolates from the same species, but reviewed differences in their ITS1-4 sequences 
to confirm that they were different strains. We identified 4 isolates of Fusarium solani on 
PDA media from Touchet, WA, which are common soil fungi (Table 2). We also isolated 
Aspergillus pseudonomius [42] and Purpureocillium lilacinum [43] which are known 
entomopathogens on PDA media from dead Nomia melanderi (Table 2). From 
chalkbrood cadavers, we isolated two strains of Ascophaera proliperda on V8 media 
(Table 2). Ascosphaera proliperda is an opportunistic pathogen that is found coinfecting 
cadavers presumably killed by the obligate pathogen A. aggregata [44] (Table 2). We 
isolated molds typically found in M. rotundata such as Penicillium chrysogenum and 
three strains of A. niger on PDA media [20] (Table 2). Of those three strains, one strain of 
A. niger was cultured on V8 media and another strain was cultured on dichloran pink 
media. Finally, we collected one strain of A. niger from a pollen provision collected from 
a Megachile rotundata brood cell at UC Riverside. 
Fungi Inhibition by Lactobacillus on Agar Plates 
 In experiment 1 (the unreplicated fungi inhibition test), sporulating fungi and the 
growth of fungi spores from Megachile rotundata were not effectively inhibited by 
conditioned MRS+2F media. When we compared media well diffusion method and agar 
diffusion method tests, the media well diffusion method would typically inhibit fungi less 
than their agar diffusion method tests. When observing sporulating fungi, the only 
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sporulating fungi species inhibited by the conditioned MRS+2F media was Aspergillus 
pseudonomius (Supplemental Table 2). On both fungi agar bore applications and fungi 
spores, there were some fungi that were not inhibited by any of the Lactobacillus strains. 
Specifically, for fungi spores, some of the fungi spores from cadavers were not inhibited 
by Lactobacillus, and others were only inhibited for certain fungi strains (Supplemental 
Table 2, 10KCS1-5 and 20KCS1-5). 
For both experiments 1, the Lactobacillus strain that inhibited the greatest 
diversity of fungi was L. timberlakei HV12 (Supplemental Table 2). However, in 
experiment 2, L. micheneri HV4 was significantly more inhibitory compared to the blank 
in all five fungi strains that were significantly inhibited (Fig. 1A-B, Table 3). 
Lactobacillus timberlakei HV12 was the next most frequent significant inhibitory stain of 
the Dunn’s tests, followed by L. micheneri HV59, L. micheneri HV21, and Lactobacillus 
timberlakei HV_28 (Fig. 1A-B, Table 3). Though most of these measurements were not 
significantly different, descriptively, L. timberlakei HV12 was on average the most 
inhibitory strain in experiment 2. In experiments 1 and 2, the least inhibitory strain was L. 
micheneri HV60 (Supplemental Table 2-4, Fig. 1A). Statistically, L. micheneri HV60 
never significantly inhibited any fungi compared to the blank (Table 3, Fig. 1A-B). When 
comparing the days until the fungi spores overran the agar plugs, only Aspergillus 
pseudonomius was significantly inhibited (Table 3, Fig. 1B). Only L. micheneri HV59 
and L. timberlakei HV12 significantly inhibited A. psuedonomius. 
When testing A. Ascosphaera inhibition over different temperatures in plate 
experiment 3, descriptively we found that inhibition by Lactobacillus increased with 
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temperature. We found that 25 C had the least inhibition on average and 29 C had the 
next most inhibition, and finally 32 C had the most inhibition. In these tests, A. 
Ascosphaera on average also grew faster per day at 32 C than at the other two 
temperatures when observing the growth rate towards each blank agar plug (Figure 2). At 
32 C L. timberlakei HV12 (μ = 2.28 cm) and L. micheneri HV59 (μ = 2.09 cm) were the 
most inhibitory fungi in these samples as the fungi grew the least distance towards their 
agar plugs. However, the inhibition by L. timberlakei HV12 and L. micheneri HV59 were 
not significantly different from the distance the fungi grew towards the blank agar plug (μ 
= 2.55 cm). However, when comparing growths at different temperatures L. timberlakei 
HV12 inhibited significantly more fungi at 32 C (Δμ = 0.383 cm) than at 25 C (Δμ = 
0.0533 cm) (Z = 2.02, p-value = 0.0338). 
Fungi Inhibition by Lactobacillus in Pollen Provisions  
 In our pollen provision experiment, the treatment with no Lactobacillus 
timberlakei (Lt) and low fungi spores resulted in visible mycelial growth in 75% of the 
provisions after 5 days (Fig. 4). Significantly fewer pollen provisions had visible mycelial 
growth when the pollen provisions were inoculated with Lt compared to fungi only 
inoculated provisions (Odds ratio 0.0018, p < 0.00001). The number of provisions with or 
without visible mycelia was not a function of fungal inoculation but instead was a 
function of Lactobacillus inoculation (Pearson χ2 = 84.705882, df = 1, p<.0001). 
Provisions inoculated with only fungi (μ = 1.29 X 1010 copies per pollen provision) were 
significantly different from any other treatment (Kruskal-Wallis χ2 = 102.68, df = 5, p-
value < 2.2 X 10-16, pairwise p-value < .001, Table 4, Fig. 3A). There are significantly 
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fewer fungi counts in every treatment with Lt added compared to the low spores and no 
Lt added treatment (Table 4, Fig. 3A). Notably, there are significant differences between 
final fungi gene copy counts depending on initial fungi and Lt inoculations. Next, in low 
Lt treatments, there are significantly more fungi gene counts in the high spore treatment 
(μ = 6.65 X 107 copies per pollen provision) than the low spores treatment (μ = 1.45 X 
107 copies per pollen provision; p-value = 0.02, Table 4, Fig. 3A). Finally, in the high 
spore treatment, there are significantly more fungi gene counts in the high Lt treatment (μ 
= 5.68 X 106 copies per pollen provision) than the low Lactobacillus treatment (μ = 1.45 
X 107 copies per pollen provision; p-value = 0.02, Table 4, Fig. 3A). 
When comparing the Lt gene copy counts across all treatments, there were 
significant differences (Kruskal-Wallis χ2 = 103, df = 5, p-value < 2.2 X 10-16, Table 4, 
Fig. 3B). We found three insignificantly different pairwise comparisons. The first 
comparison was between the low LT and high spore treatment (μ = 7.30 X 108 copies per 
pollen provision) and high Lt cells with high spores added treatment (μ = 6.84 X 108 
copies per pollen provision; p-value = 0.19, Table 4, Fig. 3B). Second was the high Lt 
with high fungi spore, (μ = 6.84 X 108 copies per pollen provision) and the low Lt and 
low fungi spore treatment (μ = 4.01 X 108 copies per pollen provision; p-value = 0.49, 
Fig. 3B, Table 4). Most notably, there are significant differences between final Lt gene 
copy counts depending on initial fungi and Lt inoculations (Fig. 3B, Table 4). There are 
significantly more Lt gene copies in the high Lt and low spore treatment (μ = 2.47 X 109 
copies per pollen provision) than the high Lt and high spore treatment (μ = 6.84 X 108 
copies per pollen provision; p-value < 0.0001, Table 4, Fig. 3A). Finally, there are 
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significantly more Lt gene copies in the high Lt and low spore treatment (μ = 2.47 X 109 
copies per pollen provision) than with the low Lt and low spore treatment (μ = 4.01 X 108 
copies per pollen provision; p-value = 0.02, Table 4, Fig. 3A). 
Discussion 
We have shown that Lactobacillus can inhibit fungi in-vitro and in-vivo. Fungal 
inhibition was particularly strong in pollen provisions where the L. micheneri clade are 
abundant, reinforcing the suggestion they are adapted to the pollen provision [16]. We 
found that lactobacilli can inhibit the growth of the spoilage organism A. niger in pollen 
provisions. On plates, we also find that they can inhibit common soil and plant-associated 
fungal species found with bees such as F. solani [45] and entomopathogenic fungi such 
as A. pseudonomius [42]. Since pollen provisions can be encased in plant material [12] or 
underground in soil or mud, these fungi are likely to be present in proximity of pollen 
provisions [29]. The inhibition of airborne [20], soil and plant fungi by Lactobacillus 
suggest that Lactobacillus has a ubiquitous role influencing the microbial community of 
the pollen provisions by inhibiting fungi. Inhibiting spoilage and pathogenic fungi in 
pollen provisions would ultimately maintain the nutrient quality of the pollen provision 
across all their wild bee hosts while reducing the likelihood fungi can infect their hosts.  
A likely mechanism for fungi inhibition by the L. micheneri clade is by their 
production of D- and L- lactic acids [21], [46]. Inhibition of fungi by D- and L- lactic 
acid can be enhanced by hydroxyphenyllactate and phenyllactate production [46]. 
Lactobacillus timberlakei strain HV12 and L. timberlakei strain HV04 both have genes 
for the putative production for both of these acids [16]. Lactic acid and 
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hydroxyphenyllactate are known inhibitors from work in the relative L. sanfranciscensis 
[46] and are the likely inhibitor in studies with honey bee lactobacilli such as L. kunkeei 
[18]. Since the pollen provisions contain nectar rich with sucrose, fructose, and glucose 
[47], a shortage of substrates for fermentation is unlikely, allowing fermentation to occur 
at high levels to produce lactic acid. Pollen is rich in amino acids [48], allowing 
lactobacilli to convert readily available aromatic amino acids to molecules containing a 
lactic acid functional group [48], [49]. These lactic acid functional group-containing 
compounds are all inhibitory to fungi and inhibition has been documented in L. 
sanfranciscensis [46] and L. kunkeei [50]. Recently, similar pH-mediated inhibition by 
lactic acid fermentation against the gut parasite Crithidia bombi by the bumble bee gut 
symbiont L. bombi has been shown [51]. Upon deeper investigation, we found that the 
partial shikimate pathways leading to hydroxyphenylpyruvate and phenylpyruvate by 
Lactobacillus timberlakei strain HV12 and L. micheneri strain HV04 are only present in 
some L. timberlakei strains [16]. This metabolic pathway may contribute to L. 
timberlakei HV12 and L. timberlakei strain HV04 inhibition ability. However, the 
presence of this pathway does not explain why L. timberlakei HV12 and L. timberlakei 
strain HV04 inhibits fungi better than strains that also have the pathway. Also, all 
Lactobacillus micheneri clade strains appear to have other means of producing 
phenyllactic acid. One way of producing phenyllactic acid is aspartate aminotransferases 
which catalyze transformation of aromatic amino acids to phenylpyruvate [52], which 
every strain in the Lactobacillus micheneri clade has at least two copies [16]. 
Furthermore, 19/20 L. micheneri species strains and 1/9 L. timberlakei strains have 
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aromatic aminotransferases [16], which specifically replace the aromatic amino acid 
backbone with pyruvate [53]. Afterward, the pyruvate is then fermented for phenyllactic 
acid production. Studies teasing out these putative mechanisms of inhibition are needed. 
We found that the final L. timberlakei (Lt) gene copy counts were much higher 
than previously reported in natural unmanipulated pollen provisions, illustrating the 
bacteria’s suitability to pollen provisions [15]. While the final Lt gene counts across all 
Lactobacillus treatments were within ten-fold from one another, what was more 
interesting was that there were significant differences in the final Lt gene counts between 
treatments, suggesting priority effects. Unexpectedly, the treatment with the most 
abundant Lt gene counts was co-inoculated with fungal spores, suggesting that fungi may 
enhance Lactobacillus growth. There are limitations, however, as treatments with high 
amounts of spores had generally less Lt gene counts than with low amounts of spores 
when similar amounts of Lactobacillus were added. A moderate number of fungal spores 
appear to increase the carrying capacity and/or growth rate of Lactobacillus in a pollen 
provision while too many fungal spores decrease the carrying capacity. The higher levels 
of Lactobacillus when fungal spores are inoculated in moderation suggests that fungi may 
be a part of the ecology of the pollen provisions. Fungi may be unlocking pollen-bound 
resources in the pollen provision, while the Lactobacillus may be responsible for 
controlling the density of these fungi. This may be in part due to the limited metabolic 
capabilities of the L. micheneri clade, which can only digest sucrose, fructose, and 
glucose for carbohydrate metabolism [21]. While L. micheneri has pectate lyases that 
presumably aid pollen digestion [16], A. niger has pectate lyases on top of other catabolic 
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enzymes that can digest plant material and are not present in L. micheneri [54]. These 
enzymes in limited quantities may provide more accessible resources for L. micheneri 
and possibly the bee host M. rotundata. 
The abundance of Lactobacillus in our study is up to 1000-fold greater than in 
unmanipulated pollen provisions [15]. This discrepancy of Lactobacillus abundance 
suggests that the host or other less abundant microbes may be influencing Lactobacillus 
abundance. Priority effects may also influence fungi growth as we find significantly 
different ITS gene counts based on the initial amounts of fungal spores and Lactobacillus. 
While there were no visible mycelia in these samples, increasing the number of fungal 
spores added to a pollen provision would allow the fungi to somewhat proliferate despite 
the presence of Lactobacillus. Adding more Lactobacillus can counteract the increased 
number of fungal spores added to a pollen provision and would inhibit the fungi to 
similar levels if fewer fungi and less Lactobacillus were added. 
An earlier study reported the temperature-dependent survival of M. rotundata 
infected by A. aggregata [13]. In this study M. rotundata survival was highest between 
30 C and 35 C. Bumble bee lactobacilli such as L. bombicola exhibit similar 
temperature-dependent inhibition when interacting with bumble bee pathogenic 
trypanosomes, as inhibition increases when the lactobacilli are at optimal temperature 
[51]. We compared the inhibition of A. aggregata by L. micheneri clade strains at 25 C, 
29 C, and 32 C. One out of the 6 strains of Lactobacillus did indeed inhibit fungi at a 
significantly greater extent at 32 C than at the lower temperatures. While the 32 C 
condition is the optimum A. aggregata growth temperature (25 C to 40 C) [24] it is also 
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within the optimum temperature range of the Lactobacillus micheneri clade (30 C to 35 
C) [21]. Fungi inhibition by Lactobacillus is increased at higher temperatures such as 32 
C, despite Ascosphaera also favoring 32 C. The correlation between higher inhibition 
by Lactobacillus at 32 C and the optimum temperature range of the Lactobacillus 
micheneri clade suggests that inhibition of A. aggregata by lactobacilli is temperature-
dependent. The temperature-dependent inhibition by Lactobacillus may contribute to the 
resistance of A. aggregata in M. rotundata, as M. rotundata survival was higher between 
(30 C to 35 C) [13], [24]. 
Some Lactobacillus strains appear to inhibit certain fungi better than others, while 
certain fungi appear to be more resistant to Lactobacillus inhibition than others. For 
example, certain high concentration inoculations of M. rotundata chalkbrood cadaver 
spores, which likely include A. aggregata, A. acerosa, A. atra, A. pollenicola, and A. 
proliperda were resistant to Lactobacillus, suggesting that opportunistic pathogens of 
wild bees may be resistant to Lactobacillus. Variation in inhibition did not parse out by 
Lactobacillus species, as we found strains from both L. micheneri and L. timberlakei that 
were inhibitory. The variation is a testament to the high strain diversity in the L. 
micheneri clade, as all three species have been found in association with wild bees [16]. 
By inhibiting competitors and protecting the host from pathogens, Lactobacillus 
may, therefore, benefit the bee host. This competitive ability may increase the 
lactobacilli’s own fitness as reducing competitors will allot more resources to the 
lactobacilli and/or host. When hosts have more resources, they are more fit and symbiont 
transmission is more likely [55]. The variation of inhibition by the strains of 
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Lactobacillus suggests that their population distribution may be very dynamic. This 
variation further suggests a mechanism by which strain diversity of Lactobacillus is 
maintained in host populations. Strain diversity of Lactobacillus may be maintained as 
the hosts require multiple Lactobacillus strains to inhibit different strains of fungi 
effectively. Fungal inhibition is only one trait of Lactobacillus and the host may favor 
other traits where there are intermediate variations within the Lactobacillus increasing the 
complexity of strain maintenance. 
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Fig. 4.1: Heatmaps of average distance that fungi grew towards bacteria or control agar 
plug (A) or days until fungi grew over bacteria or control agar plug (B). Cooler colors 
represent higher inhibition, while warmer colors represent less inhibition across all 
figures. Along columns are bacterial strains, and along rows are fungal strains. 
* - significant KW comparing across a row or fungal strain  
[a-z] - represent pairs of samples that are significantly different from one another across a 
row or fungal strain 
  
 113 
 
 
  
 114 
 
Fig. 4.2: Average distance difference between Lactobacillus agar plug and control at 
different temperatures with Ascosphaera aggregata. 
* - significant KW comparing vertically 
[a-z] – represent pairs of samples that are significantly different from one another  
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Fig. 4.3: Boxplots of Aspergillus (Kruskal-Wallis  χ2 = 103, df = 5, p-value < 2.2e-16) 
(A) Lactobacillus (Kruskal-Wallis  χ2 = 102.68, df = 5, p-value < 2.2e-16) (B) specific 
gene copy counts reveal density-dependent inhibition by Lactobacillus on Aspergillus 
and potential carrying capacity of pollen provisions. 
[A-Z] - represent pairs of samples that are not significantly different. (Dunn’s Test BH 
corrected Padj < 0.05) 
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Fig. 4.4: Time to the event and frequency analysis strongly indicate that the incidence of 
visible mycelia on fungi is dependent on whether the inoculation of Lactobacillus occurs
  
1
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Tables 
Table 4.1: Primers used in this study and their sources if used in the previous study 
Primer Name (F/R) Sequence Target Source 
ITS1F (TCCGTAGGTGAACCTGCGG)  Universal Fungal ITS [30] 
ITS4-R (TCCTCCGCTTATTGATATGC) Universal Fungal ITS [30] 
799F (AACMGGATTAGATACCCKG) Universal Bacterial 16S V3-V4 [32] 
1115R (AGGGTTGCGCTCGTTG) Universal Bacterial 16S V3-V4 [33] 
AN-ITS-F (AAGCGTGCAGTCTGAGTTGA) Aspergillus niger F10 This study 
AN-ITS-R (GTTATCGCATTTCGCTGCGT) Aspergillus niger F10 This study 
12spec-F (ACATTCAATTGGGGCGCATTC) Lactobacillus timberlakei HV_12 This study 
12spec-R (ACATGTTCACCATCAAATCCAGTTA) Lactobacillus timberlakei HV_12 This study 
 
  
 
1
2
0
 
  
Table 4.2: Fungal Strains Isolated and Optimum Media and Growth Temperature in this Study. Fungi Strains F15-F19 
provided by USDA-ARS Ellen Klinger. * Fungal Strains used only in plate experiment 1. 
Fungi ID NCBI nr Blast hit and strain # Optimum Media, (C) Isolation Source Source Origin 
F1* Sordaria fimicola PDA, 25C Dead Megachile rotundata Riverside, CA 
F2,F5,F6,F7 Fusarium solani s3, s1, s2, s4 PDA, 25C Nomia melanderi Touchet, WA 
F3* Aspergillus niger s3 V8, 25C M. rotundata Chalkbrood Cadaver Logan, UT 
F4 Aspergillus niger s3 Dicloran Pink, 25C M. rotundata Chalkbrood Cadaver Logan, UT 
F8 Penicillium rubens PDA, 25C Nomia melanderi nest material Logan, UT 
F9 Aspergillus niger s2 PDA, 25C Dead Megachile rotundata Riverside, CA 
F10 Aspergillus niger s1 PDA, 25C M. rotundata Pollen Provision Riverside, CA 
F11* Ascosphaera proliperda s2 V8, 29C M. rotundata Chalkbrood Cadaver Logan, UT 
F12 Ascosphaera proliperda s1 V8, 29C M. rotundata Chalkbrood Cadaver Logan, UT 
F13 Aspergillus pseudonomius PDA, 25C Dead Nomia melanderi Touchet, WA 
F14 Purpureocillium lilacinum PDA, 25C Nomia melanderi nest material Touchet, WA 
 
  
  
 
1
2
1
 
Table 4.3: Critical Statistics for in-vitro inhibition study experiment 2. p-values are adjusted using the Benjamini-Hochberg  
method 
  
Fungal Strain Tested Kruskal Wallis χ2, df, p-value Comparison Sample means (cm) Dunn Z-value, p-
value (adj) 
 
F2 
 
18.23, df = 6, 0.005691 
Blank - 21 2.518, 1.990 2.251, 0.04871 
Blank - 4 2.518, 1.940 2.618, 0.02650 
Blank - 59 2.518, 1.896 2.718, 0.03935 
 
 
F5 
 
 
15.57, df = 6, 0.01628 
Blank - 12 2.332, 2.027 2.685, 0.02175 
Blank - 21 2.332, 2.107 2.051, 0.04828 
Blank - 28 2.332, 2.033 2.551, 0.02144 
Blank - 4 2.332, 1.977 2.985, 0.01700 
Blank - 59 2.332, 2.053 2.485, 0.01943 
 
F6 
 
18.49, df = 6, 0.005117 
Blank - 12 2.538, 1.960 3.437, 0.003528 
Blank - 21 2.538, 2.103 2.336, 0.03899 
Blank - 28 2.538, 2.137 2.202, 0.04146 
Blank - 4 2.538, 2.073 2.502, 0.03697 
F7 16.56, df = 6, 0.01102 Blank - 12 2.440, 1.970 2.468, 0.04079 
Blank - 4 2.440, 2.440 3.034, 0.01448 
F13  
(dependent variable 
measured in days) 
13.93, df = 6, 0.03047 Blank - 12 3.000, 7.333 -2.825, 0.02834 
Blank - 4 3.000, 6.333 -2.578, 0.02981 
Blank - 59 3.000, 7.000 -2.366, 0.03595 
  
 
1
2
2
 
Table 4.4: Statistics for in-vivo pollen provision inhibition experiment. p-values are adjusted using the Benjamini-Hochberg 
method 
Quantification Assay Kruskal Wallis χ2, df, p-value Comparison Sample means p-value (adj) 
 
 
 
 
 
 
 
Aspergillus niger F10 
 
 
 
 
 
 
 
103.00, df = 5, < 2.2*10-16 
L++/F- : L-/F+ 1.82*106 , 1.29*1010 6.1*10-08 
L++/F- : L++/F++ 1.82*106 , 5.68*106 0.00021 
L++/F- : L++/F+ 1.82*106 , 1.45*106 0.79 
L++/F- : L+/F++ 1.82*106 , 6.65*107 6.1*10-08 
L++/F- : L+/F+ 1.82*106 , 1.45*107 1.7*10-05 
L-/F+ : L++/F++ 1.29*1010 , 5.68*106 3.7*10-11 
L-/F+ : L++/F+ 1.29*1010 , 1.45*106 3.7*10-11 
L-/F+ : L+/F++ 1.29*1010 , 6.65*107 6.1*10-08 
L-/F+ : L+/F+ 1.29*1010 , 1.45*107 1.5*10-10 
L++/F++ : L++/F+ 5.68*106  , 1.45*106 6.1*10-08 
L++/F++ : L+/F++ 5.68*106  , 6.65*107 1.7*10-09 
L++/F++ : L+/F+ 5.68*106 , 1.45*107 0.10 
L++/F+ : L+/F++ 1.45*106 , 6.65*107 1.3*10-09 
L++/F+ : L+/F+ 1.45*106 , 1.45*107 9.6*10-08 
L+/F++ : L+/F+ 6.65*107 , 1.45*107 3.1*10-07 
 
 
 
 
 
 
 
Lactobacillus timberlakei 
HV12 
 
 
 
 
 
 
 
102.68, df = 5, < 2.2*10-16 
L++/F- : L-/F+ 3.51*108 , 0 3.0*10-08 
L++/F- : L++/F++ 3.51*108 , 6.84*108 0.041 
L++/F- : L++/F+ 3.51*108 , 2.47*109 4.6*10-09 
L++/F- : L+/F++ 3.51*108 , 7.30*108 3.5*10-05 
L++/F- : L+/F+ 3.51*108 , 4.01*108 0.00093 
L-/F+ : L++/F++ 0 , 6.84*108 1.4*10-05 
L-/F+ : L++/F+ 0 , 2.47*109 3.0*10-08 
L-/F+ : L+/F++ 0 , 7.30*108 3.0*10-08 
L-/F+ : L+/F+ 0 , 4.01*108 3.0*10-08 
L++/F++ : L++/F+ 6.84*108 , 2.47*109 8.3*10-05 
L++/F++ : L+/F++ 6.84*108, 7.30*108 0.19 
L++/F++ : L+/F+ 6.84*108, 4.01*108 0.49 
L++/F+ : L+/F++ 2.47*109 , 7.30*108 0.0086 
L++/F+ : L+/F+ 2.47*109 , 4.01*108 1.4*10-06 
L+/F++ : L+/F+ 7.30*108 , 4.01*108 0.022 
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Chapter 5: 
Conclusion 
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Conclusion: 
 Though the ultimate causes of managed and wild bee declines are complex and 
multifaceted, the importance of the microbiome should not be underestimated. There is 
still progress left to be made, but microbial symbionts in honey bees and bumble bees are 
clearly important for bee health [1]. However, in wild bees, their microbiome and the 
resident Lactobacillus micheneri clade are only recently described [2]. Their abundance 
suggests that the L. micheneri clade is important for wild bee fitness [3]. In honey bees, 
studies analyzing the genomes [4], transmission mode mechanisms [5], and microbial 
interactions [6] proved important to understanding microbial symbionts and the effects on 
their hosts. Through research conducted in the dissertation, I analyzed the genomes of the 
L. micheneri clade to detect functions that allow the L. micheneri clade to adapt to wild 
bees [7]. Through analysis of the bacterial communities in larval frass and newly 
emerged adults, I found that microbial symbiont transmission via frass to newly emerged 
adults is, at best, rare. Finally, by assaying fungal inhibition activity by Lactobacillus on 
petri plates and in resuspended pollen provisions, I found Lactobacillus to be strong fungi 
inhibitors. Being strong fungi inhibitors, they are likely to be important symbionts in 
pollen provisions by inhibiting competitors including obligate and opportunistic wild bee 
pathogens. 
I sequenced novel L micheneri clade genomes and used population genomic tools 
to identify genes under positive selection that may be important for their function in wild 
bees. While experimental verification is needed, I found genomic data suggesting several 
possible mechanisms by which L. micheneri clade bacteria may benefit their bee hosts. 
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Given the largely absent metabolic and biosynthetic capability of the L. micheneri clade, 
it is unlikely that the L. micheneri clade are biosynthetic mutualists. This is not surprising 
as all the necessary nutrients are largely present in pollen and nectar [8], [9]. None the 
less, based on genomic in-silico predictions, the L. micheneri clade bacteria have the 
potential to aid pollen digestion, detoxification, thrive in acidic environments, inhibit 
potential pathogens, and establish in wild bees. However, as our findings are limited to 
only genomic data it is still possible that L. micheneri clade bacteria are either 
commensal or detrimental to their hosts. Regardless, these reduced genomes offer strong 
clues as to how these bacteria persist and thrive in harsh but nutrient-rich niches. 
I analyzed the bacterial communities of M. rotundata frass and newly emerged M. 
rotundata adults to find that the L. micheneri clade is at best, rarely vertically transmitted. 
However, outside of McFrederick et al. (2017, 2018) [2], [3], L. micheneri has rarely 
been detected in other flower studies. This may be due to the small number of current 
flower microbiome studies or because there is a reservoir of L. micheneri and other 
symbionts elsewhere in the environment. Since flowers and adult bees are absent during 
the winter, an environmental reservoir for these bacteria may be important to maintain the 
interaction between generations since this symbiosis is likely to rely on horizontal 
transmission. If the wild bee microbiota is as significant as recent work suggests [10], 
[11], then managed M. rotundata may not be the best model for bees. Exploration of 
symbiont transmission in other wild bees is needed as differing biology in other wild bees 
may allow for other symbiont transmission mechanisms. 
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In my third chapter, I assayed the inhibitory activities to find that the L. micheneri 
clade control opportunistic and obligate pathogenic fungi of pollen provisions. There are 
fungi present on leaves and flowers, which M. rotundata uses for nest material and pollen 
provisions, respectively [12]–[16]. Among these fungi, some are saprophytic molds that 
can reduce the nutrient quality of provisions, or directly infect the larvae via the leaves 
and pollen. Others are obligate pathogens, such as the causative agent of chalkbrood, 
Ascospheara aggregata. Based on my findings, the L. micheneri clade is important in 
inhibiting fungi that are saprophytic, opportunistic pathogens, or obligately pathogens 
that may ultimately reduce the fitness of M. rotundata. Lactobacillus may benefit the host 
by inhibiting competitors and protecting the host from pathogens. The competitive ability 
may increase the lactobacilli’s own fitness as reducing competitors will allot more 
resources to the lactobacilli and/or host, while allowing more lactobacilli transmission to 
other hosts [17]. The variation of inhibition by species of fungi and by the strain of 
Lactobacillus suggests a mechanism by which Lactobacillus strain diversity is 
maintained. Wild bees would be favored to maintain multiple Lactobacillus strains to 
manage different populations and strains of fungi. My next steps include quantifying 
pollen provision and Lactobacillus media metabolites to determine the mechanism of 
action of the fungal inhibition. I am also interested in how the production of these 
metabolites varies between strains in the L. micheneri clade. 
The results for the dissertation revealed the potential for the Lactobacillus 
micheneri clade in their symbiosis with wild bees. Primarily in my chapters in the 
dissertation, I elucidated the genomic potential of L. micheneri clade, clarified their 
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transmission mechanisms, and described a beneficial function for wild bees. The results 
reinforce the notion that the Lactobacillus symbionts are critical to their wild bee hosts. 
While I contributed findings to the fields of microbial ecology, microbial population 
genomics, and entomology, there is still progress that needs to be made. For example, 
assaying the putative functions described in my population genomics chapter would 
prove if this is a mutualistic interaction. Finally, using metagenomic techniques will 
increase help us understand the extent of strain diversity inside bees and fluorescence 
microscopy can detect compartmentalization of the L. micheneri clade in wild bees. 
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